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Section  I 

» INTRODUCTION 

1.1  OBJECTIVE 

The  objective  of  this  program  v/cs  to  develop  a practical  m.cdetn  technique 
providing  the  mecns  to  trunk  a large  volume  of  digitized  voice  channels  within  the  present 
FDM-FM  bandwidth  allocations.  SpecificcMy,  o bandwidth  efficiency  of  2 bits  per  hertz 
of  RF  bandwidth  and  a bit  error  of  10  ^ or  less  at  an  Eb/N©  of  20  dB  were  des'ned.  These 
characteristics,  provided  in  conjunction  with  hard-limiting  radio  set',  allovv  efficient 
conversion  of  analog  FDM-FM  line-of-sight  microwave  systems  to  digital  operation  by 
replacement  of  the  modulation  elements. 

1 .2  APPROACH 

, The  program  consisted  of  three  major  phases.  During  the  first  phase,  an 

arwlytical  study  of  constant-envelope  modulation  techniques  was  performed  to  locate 
candidates  providing  the  desired  performance.  In  the  second  phase,  the  selected  tech- 
niques were  evaluated  in  terms  of  implementation  complexity  and  operational  character- 
istics. The  best  approach  was  selected  and  a breadboard  model  constructed.  The  breod- 
board  performance  ch'  racteristics  were  evaluated  in  the  laboratory  and  on  actual  micro- 
wave  links  in  the  fii.ol  phase. 

1.3  RESULTS 

It  was  determined  that  4-ary  FSK  was  the  best  signal  design,  given  the  per- 
formance objectives  and  the  constant-envelope  constraint.  A continuous-pfiase,  coherent 
detection,  multisymbol  observation  modem  was  constructed  and  successfully  tested.  The 
performance  objective  of  a 10  ^ bit  error  rate  at  an  Ej^/N©  of  20  dB  was  bettered  by 
approximately  0.5  dB  in  laboratory  tests. 
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A major  accomplishment  of  this  program  wos  the  development  of  o demodula- 
tion '■echnique  for  FSK  providing  neor  optimum  performance  (based  on  the  signol  structure) 
with  modest  hardware  complexity.  The  performance  and  complexity  of  the  modem  are 
comparable  to  more  conventiorKil  designs,  with  the  added  advantages  of  operation  with 
hard-limiting  amplifiers  and  reduced  RF  filtering  requirements. 

1.4  REPORT  ORGANIZATION 

The  results  of  the  analytical  effort  are  presented  in  Sect'on  II.  The  imple- 
mentation consideratiorts  and  trade-offs  are  described  in  Section  III.  Section  IV  discusses 
the  design  and  construction  of  the  breadboard  unit.  In  Section  V,  the  test  program  and 
results  are  presented.  The  conclusions  and  recommendations  are  in  Section  VI. 


Section  91 


THEORETICAL  RESULTS 

2.1  STATEMENT  OF  THE  PROBLEM 

Current  trends  indicate  a oontlniied  evolution  tovrard  an  all-digitol  militory 
communications  network . Existing  analog  voice/data  communiootions  c er  the  44cHz 
channel  will  be  replaced  by  Pulse  Code  Modulation  (PCM)  and  Time  Division  Multiplexing 
(TDM).  In  the  existing  FDM-FM  system,  eoch  4*‘lcHz  baseband  channel  requires  a trans- 
mitted RF  bandwidth  of  approximately  32  kHz.  The  picnrted  digital  system  requires  64 
kb/s  per  4-kHz  baseband  channel.  Conventional  digital  modulation  techniques  such  as 
QPSK  provide  a bandwidth  efficiency  of  approximately  1 bit  per  hertz  of  RF  bandwidth. 
Thus,  each  boseband  channel  occupies  64  kHz  of  RF  bandwidth  and  the  system  channel 
capacity  is  reduced  by  a factor  of  2 if  the  RF  bandwidth  is  not  increased,  in  many  in- 
stancen,  additional  bandwidth  allocations  are  not  available. 

The  existing  arwlog  FDM-FM  line-of-sight  microwave  system  represents  a 
substantial  investment  in  fixed  plant.  Although  portions  cf  this  system  ore  somewhot  dated 
and  have  a limited  life  expectancy,  many  sections  are  relatively  new,  and,  if  digital 
conversion  rather  than  total  replacement  were  possible,  a substontiol  investment  savings 
could  result.  The  existing  radios  utilize  harch*limiting  power  amplifiers  aln>ost  exclusively, 
and  this  practically  limits  the  choice  of  modulation  to  constont-envelope  techn'ques. 

The  objective  of  this  program  was  to  develop  a practical  modem  technique 
providing  a barxlwidth  efficiency  of  2 bits  per  hertz  of  RF  bandwidth  with  hard-limiting 
radio  sets.  The  RF  bandwidth  is  defined  os  that  portion  of  the  rodiated  sigrwl  spectrum 
wherein  99%  of  the  sigrxit  power  is  contained.  The  )>erfonnance  objective  was  a bit  error 
rate  (B01)  of  10"7  qp  E|y^No  of  20  dB.  It  was  further  desired  that  ths  modem 

interface  at  an  IF  of  70  MHz  and  that  application  of  the  modem  rxst  require  RF  filters  or 
lineorization  of  the  povwr  amplifier  to  ac^.^.ve  the  desired  performance. 
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2.2 


GENERAL  APPROACH 


The  analytical  task  focused  on  locating  constant-envelope  signals  which 
simultaneously  provided  the  desirad  SER  and  spectral  requirerrents.  The  class  of  signals 
] nvestigated  is  of  the  fonn 


Sj  (t)  = A cos  (wj.t  + ^1  (t)  ) 


where 


A = constant  envelope 

= carrier  frequerscy 

0(t)  = infonnation'‘carrying  angle  modulation 


This  srgrtai  is  compi'^^'tly  def.ned  by  o plot  of  the  phase  (relative  to  the  carrier  phase) 
versus  time.  This  plot  will  be  referred  to  as  the  phase  trajectory  plot.  Some  examples 
of  phose  trajeclor/  plots  for  familiar  signals  ore  illustrated  in  Figure  1.  The  distinction 
between  accumulated  and  nonoccumulated  phase  trajectories  is  shown  in  Figure  2.  Two 
techniques  for  jointly  optimizirtg  BER  and  spectral  occupancy  were  utilized.  It  was  con- 
cluded that  continuous-phose  4-ory  FSK  was  the  best  choice  for  the  sigtxii  structure. 


2.3  ANALYTICAL  APPROACH 

in  the  orKilytical  approach,  expressions  were  developed  for  BER  and  spectral 
occuporcy  and  an  attempt  was  mode  to  mathematically  optimize  the  two  expressions. 

The  expressions  used  for  spec<^l  occupancy  are  developed  in  Appendix  A.  A union 
Found  approximation  was  utilized  for  BER. 


Ps 


M 

M 

r 

z 

1 = 1 

i = i 

i/i 

< 


0) 


whertt 


Ps  = symbol  error  probobllity 

i’ij  = correlotion  coefficienf  between  the  and  |tb  signals 
Es  = onergy  j»sr  symbol 

Nq  = one-*sided  noise  demity 

«(X)  = =Lr 

>r  2-r  J 

For  cx>ratant-envelope  signolling 

P|j  = =1=  J [^2(0  ' ^j(t)]  dt  (2) 

0 

where  02  ~ phase  trajectory  for  the  symbol 


Combining  (1)  and  (2)  and  overbounding 


0(X) 


(3) 


yields 


Ps  < 


-E^N^ 

_e 

2M 


^ ^ ^ E/2N^TjcL[^2(0-^(t)]dt 

i = 1 1 = 1 ° (4) 

i=t=2 


Equation  (4)  is  the  union  bound  on  symbol  error  rate  for  constant-envelope  sigrtols.  Using 
Equation  (4)  and  the  expression  derived  in  Appendix  A for  spectrol  occupancy,  a calculus 
of  variations  approach  was  used  to  locote  a phase  trajectory  which  minimized  spectral 
occupancy  subject  to  a performance  constraint. 

In  general,  this  approach  did  r>ot  yield  useful  results.  It  was  concluded  that 
finding  an  analytical  solution  for  optimum  trajectories  was  not  possible  within  the  time 
scale  of  the  study.  As  an  alternative,  the  performance  of  specific  trajectories  was  orsa- 
lyzed  as  described  in  the  following  paragraphs. 
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2.4 


COMfWEK  SEARCH 


I 


Stnc*  Hie  signal  'ietign  effort  for  finding  good  modulation  techniques  by 
onolytioal  meons  wos  not  successful,  o computer  search  technique  wos  impiemented. 

This  effort  used  the  computer  program  for  spectral  occupancy  described  in  Appendix  S, 
and  was  developed  during  the  study,  h is  capable  of  computing  the  spectral  occupancy 
of  very  general  types  of  ongle  modulation.  The  classes  of  signals  considered  ore  those 
angle-modulated  signals  for  which  the  only  mechanism  of  intersymbol  influence  inherent 
in  the  modulation  is  thot  the  phase  of  the  sinusoid  at  the  beginning  of  a signal  Is  depend- 
ent on  the  data  history.  Other  than  this  starting  phase,  the  shape  of  the  phase  function 
during  a symbol  time  is  dependent  only  on  the  symbol  being  transmitted;  the  shape  can  be 
completely  arbitrary. 

The  computer  program  evaluates,  on  the  analytical  basis  presented  in  Appen- 
dix A,  the  percent  power  within  any  bandwidth  for  any  M-oiy  angle-modulation  signal . 

In  the  computer  program,  the  shape  of  the  M-ary  phase  functions  (t),  k = 1 ,M  j is 
approximated  by  up  to  32  phase  steps  over  the  symbol  time.  M can  range  from  2 to  16. 
it  was  fout)d  that  the  32-step  approximation  to  the  phase  functions  gives  essentially  the 
some  99-percent  spectral  occupancy  bondwidth  os  continuous  phase  functions. 

2.4.1  Noraoccumulotive  Phose  Trajectories 

2. 4. 1.1  M-ary  PSK  - No  Pulse  Shaping 

M-ary  PSK  is  oise  of  the  most  cortimon  types  of  constont-envelope  signalling. 
It  has  the  advontoge  of  being  relatively  simple  to  generate  and  to  demodulate.  Since  the 
scheme  is  or>e  of  the  more  common  modulation  techniques,  its  performance  relative  to  the 
goats  of  the  study  should  be  krvswn. 

Unfiltered  M-ory  PSK,  for  oil  M,  with  the  phases  equispaced  0 to  27T,  has 
the  well  known  (sin  x/x)2  spectral  density.  The  99-percent  spectral  occupancy  is  roughly 
20  times  the  symbol  rate  for  all  M.  Since  the  bi>  is  (log2  M)  times  symbol  rate,  the 
spectral  occupancy  of  course  changes  with  M.  Tbs'  percent  spectral  occupancy  for 


binary  It  20  fhiet  bit  *«ta  nni  for  i-ory  (quodra^pboM)  it  10  Hmm  bl*  rota.  M-ory  PSK 
wot  utod  at  a chock  coco  for  the  tfocHal  occupancy  pregrowi  end  gave  tho  rotuitt  of 
Flgu;»  3,  which  ora  botod  upon  the  (tin  {x)/n)^  apocmiin.  Thut  tho  profwww  wot  oorroct 
for  this  fott  COM. 

The  ffMCtrol  occupartcy  of  tho  unflitorad  0 to  2 /r  eguippoood  photo  PSK 
tignolllnp  tchomot  it  oxcottivo  in  rolotlan  to  tho  thidy  gooh.  For  o 9P-paroortt  ^loctral 
occuponcy  of  0.5  timet  bit  raim,  for  oMompIo,  Figure  3 indlootet  M would  have  to  be 
very  lorge,  at  determined  by: 

99%  BW  = IfO  X tymbol  rote 

20  ^ 

- "■  X bit  roto 

logj  M 

20 

0.5  = 

toQ2  M 

M = for  99%  BW  » 0.5  Kbit  rote 


An  M thit  largo  it  obviously  improcticol . Tho  behovior  of  spoctrol  occupancy 
wot  oxaminod  as  tho  phase  deviation  wus  reduced,  as  in  Figure  4.  The  M photos  ore 
oquispacod  by  9,  but  for  o total  sprood  in  phase  loss  than  2tt  . It  con  bo  shown  that  the 
spectrum  contoirts  o continuous  port  hoving  (sin  x/xy'  form  oixi  o spectral  lino  at  the 
center  frequency. 

If  the  phase  relative  to  carrier  is  9{  for  the  i^  sigixil,  then  it  con  be  shown 
thot  the  fraction  of  total  power  placed  in  the  carrier  is 


P 


c 


ei«J 


2 


(5) 


15 


4-ary  Cave  Shown 


Figure  4 


Reduced  Phase  Deviation  M-ary  PSK 
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TW  rMnaintng  frocHon  ®f  power,  *•  ^ >^*)^  oontlnuooi  port  ton  of  t)io 

ipoctrum.  ly  tKo  •H'ict  dofinition  of  ipoctral  occupancy  at  fho  (xmdwidtlt  witHin  wd^ioh 
o gl¥«n  frocHon  of  total  po»r«K  If  oontolnod,  tfw  ipochol  occuponcy  of  tfiU  typo  of 
M-cry  PSK  It  computod  in  the  (bilowtr^g  way.  TKe  total  powr  In  a bon<Wridth  t If 
givon  by 

P|  ■ Pg+  Powor  in  8 of  (tin  n/x)^ 


or 


Pb  » Pc>(1“Pc)P.  (B) 

wboro  P|  It  the  porcont  power  contained  in  B of  a (sin  x/x)^  spoctruin  at  given  in 
Figure  3. 

Note  thot  the  corrier  power  it  counted  toward  fulfilling  tbe  spectral  occu- 
pQincy  gool.  Tbe  spectral  lino  a}  tbe  carrier  oontoira  no  data  infonwotion.  Tbe  continuous 
spectrum  is  tbe  dato-corrying  portion.  Tbe  presertce  ^'.ge  dbcrete  tpectrol  lines  coo 
leisd  to  o misleoding  spectral  occupancy  figure  for  tbe  signalMrtg  scberrte.  Tbe  99-percent 
spstctrol  occupancy  may  bear  no  relation  of  oil  to  tbe  required  boruJwidtb  for  tignoHing 
with  tbe  modulation  tcbeme.  For  enomple,  one  could  dtaign  o PSK  scbeme  which  bm 
99-peroent  of  tbe  total  rodiotod  power  in  tbe  corrier,  which  bos  o strict  definition  qiectral 
occuporscy  of  zero  bandwidth.  Obviously,  any  attempts  to  operate  tbe  signalling  scheme 
through  o banrbvidtb  anywhere  near  os  narrow  as  tbe  99-peroiDnt  spectral  occuponcy  are 
donrtwd  to  failure.  All  this  it  pointed  out  to  highlight  tbe  foct  thot  one  should  be  appro- 
priotely  skeptical  of  tbe  specification  of  spectral  occuponcy  alone  os  an  irsdlootion  of  the 
required  ban^ioitb  for  communication  with  o signoiling  scheme. 

Figure  5 shows  tbe  performonoe  ottoinoble  with  tbe  reduced  phose  deviotion 
M-ory  PSK  schemes  for  vorloui  99-percei.t  spectral  occuponcies  oroursd  one-half  bit  rote. 
Tbe  curves  plot  the  dB  loss  relotive  to  coherent  ontipodol  binary  PSK  of  a coherent  re- 
ceiver versus  the  99-percent  spectral  occupancy.  An  Implicit  parameter  at  a given  point 
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m Mw  k Hm  « ipseing  pnoB««.  At  d Is  roduecd  Hm  tpuctrol  occupancy 

k raAMOtdf  wid  llw  parfariwuct  k slmuitOMOutly  dogrodod.  At  an  aMMnpl0  of  how 
Ftgmo  5 wot  tkkrfnod,  eonttdor  tk«  binary  obm.  laf  Iba  9 spacing  nacMW  r,  to 

y{#ld  V^9*pafoanl  spaotni]  ocsMpsMcy  oguak  ona-bolf  bit  rot*  b«  found.  Frorr.  ^Equotion 
(6),  wa  Koto 


- .W  - t-  (1-F^)  F,  (7) 

F,  f tbu  fioction  of  tbo  continuous  (sin  x/m)^  power  in  a orw-Nolf  bit  rot*  bond,  is  given 
in  FIfuro  3 at  .465.  Ttwroforo, 

.99  • F^  ^ <1-F^)  (.463) 


« .982 


EquOttOn  (8)  indicOtM  that  98.2  porcant  of  the  total  tfonsmitted  power  fneet  be  pilt  into 
oorrlor  to  otSoin  99-porcont  ipoctrol  occupnney  of  ono-holf  bit  rate.  Combining  Equa- 
tlons  (5)  and  (8)  oilows  one  to  solve  for  the  0 spccing  to  ottom  this;  i .e. , 


1 .9/2  9/2  2 

_ (.!  ..  i 


.m  . (co.  4-)*  = -i-  OtauB) 


The  perfbmtance  is  computed  by  noting  that  the  nonnalized  correlotion  between  the  two 
signals  is 

P - cos  G = .964 

The  probability  of  error  for  a coherent  receiver  is  given  by 


Comparing  Equation  (9)  to  the  well-1  nown  error  rate  for  PSK^ 


(PSK)  P ( € ) = Q 

shows  that  there  Is  a degradation  of  a foctor  of  0.018  in  power,  which  corresponds  to 
17.4  d3.  Thus,  c 99-percent  spectral  occupancy  o^  one-holf  bit  rate  binary  PSK  is 
plotted  in  Figure  5 with  17.4-OB  degradation  relative  to  antipodal  binary  PSK.  The 
other  points  'd  curves  were  obtained  In  a similar  manner. 

Because  of  the  excessive  amount  of  wasted  carrier  power,  which  serves  no 
purpose  except  to  maintain  a constant  envelope  on  the  transmitted  signal,  unflltered 
M-ary  PSK  was  discarded  as  being  undesirable  in  light  of  the  signal  design  study  goals. 


2.4.1 .2  Mmrf  PSK  - RaiMd  Coctn*  PuUe  Shoptng 


TK«  effect  of  pulse  shaping  on  M**ory  PSK  pulses  was  considered  next.  The 
pulse  shaping  brought  under  study  was  raised  cosine,  as  shown  In  Figure  6.  The  peak 
phase  difference  between  adjacent  symbols  vros  set  equal  to  9.  The  computer  program 
was  used  to  determine  the  spectral  occupancy. 

The  performance  of  a coherent  dcmod  for  these  schemes  was  estimated  In  the 
following  way.  For  a coherent  demod,  the  correlation  P betweer:  two  signals  determiner 
the  probability  of  making  an  error  in  additive  white  Gaussian  rx>is9.  The  probability  of 
error,  P (<),  is  given  by 


P(<)  -Q 


N. 


0-P) 


\ 


(^0) 


For  two  constant  envelope  symbols,  the  correlation  is  given  by 

P = .L  r cos  (ft}  (t)  - ^2  (f) 

• Jo 


01) 


For  the  raised  cosine  shaping  as  shown  in  Figure  6,  the  phase  difference,  f]  (t)  - ^2(0^ 
is  given  by: 


V (0dPi(t)-P2(0  = |- 


1 - cos 


(“)i 


(12) 


Equation  (11)  thus  becomes 


P = -L  J ^ cos  ^0  sin2 


dt 


(13) 
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Figure  6 


4-ary  Case  of  Raised  Cosine  PSK 
Pulse  Shaping 
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FIgurv  7 sho¥fs  Hw  degradation  in  dB  relative  to  antipodal  PSK  for  various 
S^percent  spectral  occupancy  bandwidths.  Comparing  Figures  5 and  7 , r>ote  that  the 
binary  case  best  performance  for  either  shaped  or  unshaped  pulses  at  a 99-percent  spec- 
tral occupancy  of  0.5  times  bit  rate  is  approximately  18  dB  worse  than  unfiltered  binary 
PSK.  The  raised  cosine  shaping  also  requires  roughly  1 dB  more  power  for  the  same  error 
rate  ot  this  spectral  occupancy.  From  this  it  can  be  seen  that  phase  continuity  is  rwt 
necessorily  all  that  indispensable  a quality  when  it  is  desired  to  maximize  the  perform- 
ance for  a given  spectral  occupancy. 

2.4.1 .3  Combination  of  Phase  and  Frequency  AAodulation 

Figure  8 shows  the  result  of  using  the  computer  program  to  evaluate  a 7-ory 
signalling  scheme  with  the  phase  trajectories  shown  in  the  figure.  From  the  phase  tra- 
jectories shown,  it  can  been  seen  that  this  scheme  has  three  frequencies:  a center  fre- 
quency and  two  symmetrical  frequencies  about  the  center  frequency.  The  parameter  0 
(controlled  by  the  deviation  about  the  center  frequency)  was  voried  to  obtain  the  desired 
99-percent  bandwidth.  At  2 bits/Hz  this  scheme  ' jhly  15.5  dB  worse  than  binary 
PSK,  therefore  there  con  be  no  hope  of  its  meeting  the  design  goals. 

2.4.1 .4  Summary  of  Noncumulative  Phase  Schemes 

The  schemes  we  have  considered  above  are  schemer:  for  which  the  phase  dees 
rx>t  cumulate  with  respect  to  the  carrier.  For  2 bits/Hz  99-percent  spectral  occupancy, 
the  phase  of  the  transmitted  signal  r>ever  deviates  very  widely  from  the  carrier  phase. 

For  this  reason,  there  is  a large  spectral  line  at  the  carrier  in  all  these  schemes.  The 
schemes  examined  represer^  sigixils  which  contain  at  least  94  percent  of  the  total  power 
In  the  corrier.  These  spectral  lirws  carry  no  infdrmotlon,  therefore  that  portion  of  power 
is  wasted.  This  dooms  these  noncumulative  schemes  to  poor  perrarmance  relative  to  our 
design  goals,  even  were  the  continuous  part  of  the  spectrum  to  carry  information  as  effi- 
ciently as  antipodal  binary  PSK.  On  top  of  this  disadvantage,  the  idea  of  obtaining 
rtarraw  “spectral  occupancy"  on  the  basis  of  simply  putting  a large  carrier  component  in. 
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-8  Figur*  7.  R«lattv«  DtgrodoHon  vi  99%  Bandwidth  for  Roita  Cocin*  PhoM  Traj«ctori*i 
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is  extremely  artificial.  The  dbto-oarrying  continuous  spectrum  is  still  very  wide  and 
would  require  channel  bandwidth  out  of  all  proportion  to  the  "spectral  occupancy."  For 
these  reosoru,  the  ability  to  find  any  noncumulative  phase-modulation  schemes  which 
met  the  design  goals  of  99-percent  bandwidth  equals  one-half  bit  rate  and  10*^  error 
rate  at  20  dB  l^>A^o  discounted. 

2.4.2  Cumulotive  Phose  Trajectories 

At  this  point  in  the  signal  design  effort,  the  only  hope  of  obtoining  the 
design  goals  lay  in  the  angle-modulation  schemes  wherein  phase  is  allowed  to  accumulate 
relative  to  center  frequency,  such  as  in  M-ory  FSK.  For  these  schemes,  there  are  rra 
spectral  lirws  (and  hence  essentially  no  wasted  power)  for  the  small  deviations  required 
for  99-percent  bartdwidth  equals  one-half  bit  rote.  Consequently,  several  schemes  of 
the  cumuloted-phose  variety  were  investigated  to  see  if  improvement  in  performance  or 
spectral  occupancy  could  be  made  on  8-ory  FSK,  which  was  the  best  known  scheme 
found  here  prior  to  this  study. 

Figure  9 shows  the  performance  of  M-ory  FSK  schemes  with  o one-symbol 
coherent  receiver  versus  the  99-perccntbondwidthof  the  signal . 8-ary  FSK  isonly  8.8dBworse 
than  PSK,  with  4-ary  FSK  about  9.7  dB  worse  at  2 bits/Hz.  With  both  these  sigrxilling 
schemes  a multisymbol  observation  receiver  con  do  3.0  dB  better,  yielding  degradations 
ofonly  5.8dBfor  8~ary  FSK  and  6.7  dB  for4-ory  FSK.  The  signalling  schemes  are  very 
powerful  in  terms  of  their  performance  for  2 bits/Hz  spectral  occupancy.  In  on  attempt 
to  improve  upon  their  performance,  the  possibility  of  allowing  the  phase  trajectories  to 
contain  jumps  (as  in  Figure  10)  was  investigated.  The  analysis  started  with  the  basic 
8-ory  FSK  trajectories  (linear  with  endirtg-phase  separation  equals  45  degrees)  and  made 
stepwise  approximations  with  N steps  (N  =a  parameter  on  the  curves).  Intuitively,  the 
jumps  in  phase  vrauld  allow  a greater  distance  to  be  obtained  between  sigrxils  and  thus 
yield  better  performance.  As  shown  in  Figure  10,  the  32-step  approxinrxition  to  the  phase 
trajectories  resulted  in  very  little  increase  in  the  99-percent  bandwidth  of  the  signal; 
however,  the  phose  jump  is  at  most  a little  over  4 degrees  for  N = 32  on  the  outermost 


tm]«elori«t.  TK«r«R^,  iIttU  advantog*  In  dltiPnca  i>  obtoln«d  ovr-'r  th«  oriiplrwl  linear 
FSK  tra|ectortet . Thus,  olfhough  o slight  ship  In  phase  was  allowable  without  unduly 
effecting  spectral  oecuponcy  (at  99-percent  bandwidth  point),  the  step  was  so  small  that 
negltglbU  perfortnonce  Improvement  would  result. 


Next,  on  attempt  was  mode  to  obtain  a performanee  Improvement  by  employ- 
ing phete  trateetarles  for  9 ory  FSK,  os  shown  In  Figure  10.  Here,  a step  of  in  phase 
between  o^aoenr  symbols  was  ollovred,  followed  by  a frequency  romp  In  phase  to  a total 
of  m ^ phoso  dtfforonca  bafwaan  adfocohf  symbols  of  tha  and  of  a symbol  tima.  Tha 
parameters  m and  were  chosen  to  moke  the  performance  with  a coherent  receiver  the 
sanne  as  In  8-ory  FSK  with  99-percent  bandwidth  equals  0.53  times  bit  rote.  As  shown 
In  Figure  11,  the  99-percent  barxlwidth  was  improved  slightly  from  0.53  to  0.5  times 
bit  rate  for  m = ^ and  n = 37°,  This  slight  improvement  Is  remarkable  only  In  that  It  1$ 
the  only  scheme  fourvi  which  outperforms  8-ary  FSK. 


An  attempt  wos  also  made  to  improve  the  perferrrance  of  8-ory  FSK  by 
smoothirsg  the  transition  from  or>e  phase  to  another  In  a symbol  time,  os  shown  below. 
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Ttw  tfwtIHiw  vmy  ahtmmUblly  fmm  fli*  InlHvI  phoM  of  •tort  of  o tyoAol, 
to  OMO  of  olghf  o^prfipwood  phoMi  of  Hw  «ndof  o tyoikol  Mmo.  Tito  ondRiiQ  phoMt  woio 
ipsood  wek  rttof  Hm  porfenooneo  obfolnod  wlHi  e ooliotowf  ebwed  it  Ho  snow  at  9-ory 
PSK  wtfti  fP-  potoonf  boiitktldtfi  ofpioli  eno>holf  btf  rolo.  TtM  9P-poroonf  tpoefrol  occu> 
poftcy  oot  IbufMl  to  bo  0.9S  fboot  Uf  lofo.  THur  itt  tpoctrol  ocouponcy  oot  okootf 
defiblod  robHvo  to  8-oqr  PSK. 


Ffoni  tho  d&lm.  If  oon  bo  oencludMl  tbof  no  tignifloont  improvowionf  oon  bo 
hcMl  ovor  8-ory  PSK  In  tpocfvei  occtyoncy  or  porfonwonoo  In  o pboto  wodulaflon  (oomtonf 
‘ ipo)  ichooio  wboroin  fbo  thopt  of  tbo  pboto  frojectory  wttbin  o tymbol  tlmo  it  dotor- 


wloly  by  tbo  t)onbe4  to  bo  tiontwltfod  in  tbof  lywbol  Hmo.  Tho  only  romoininQ 
ior  iotproromonf  It  tooto  fbno  of  portfcil  rotponto  tcbomo  wboroln  tbo  thopo  of  tbo 
ffofoctory  in  o tymbol  Hmo  oon  dopond  upon  not  only  tbo  prooonf  lyntbol  but  obo 
bo  tyodtob  tbof  bouo  provioutly  boon  franonitfod.  Gonoioitzod  portkil  rotponto 
it  ditcwod  bokmr,  with  fbo  oM  of  tbo  foHowing  lllutfraHon. 


h(t) 


fit) 


^ A cot  [wc  t f(t)] 
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In  9«w«ol,  tha  phoM  tni|«el<ery  Airing  « tyiabol  Haw  it  glvwi  hiy 

k 

^0  ■ «l  h (» + IT)  Of  ■ M-«ry  tynAol 

I«1 

ond  ean  Hiawfero  ba  ona  of  difkiranf  ^inctiont.  A oohofanl  Vttaibl  Paaiod  would 
hoya  oonalofon  Ibr  ooch  of  riia  dIfVaranf  tignoit. 

Tka  dayolopwanf  of  o oowiputar  progtow  for  ikit  typo  of  ganaiallxod  porHol- 
ratponta  tignolling  wot  bagun.  Difflcuitiat  wara  anoountarod  in  producing  on  onolytiool 
ratult  for  ipactral  occuponcy  of  this  typa  of  tignolling.  A program  to  computa  tha  tpac- 
trum  fram  on  FFT  routina  arat  ttortad,  but  wot  not  complatad. 

An  RAOC-fund»d  study,  "Lina-of-Sigbt  Tachniool  Invattigotion,  ” invatH- 
gotad  binary  porriol-ratporaa  tchamat.  In  particular,  tcbomat  for  b (t)  batng  trapoKoldol, 
triongulor,  and  raStad  ooiina  in  thopa  wara  invattigotad.  It  wot  found  tbot  tba  triongu^ 
lor  tbopa  producad  tba  bast  9^paroant  ipactral  occupancy.  Tha  langth  of  h (t)  (trkingla) 
wot  tot  ot  7 bitt.  A 99  -par cant  bondwldth  aquolt  0.55  timat  bit  rata  and  parforawnca 
within  5.16  dB  of  binary  PSK  for  on  optimum  domodulotor  wot  obtains  d.  For  this  99-par> 
carrt  bonAridth,  both  8-ory  orrd  4-ory  FSK  ora  within  5 dB  of  binary  PSK  with  optimum 
damodt.  Tha  binory  portiol-rasponta  tchama  wot  thut  worta  than  aithar  of  tha  FSK  tchamat 
ioootad.  It  it  not  claor  ot  thit  point  if  thara  it  any  implaroantotion  odyontoga  with  tha 
optimum  domodi  for  this  binory  portiol-rasporaa  tchama  ovar  tha  FSK  tchamat.  It  is 
doubthil  that  ona  would  ba  obla  to  improva  on  tha  binary  portioi-rasporaa  tchama  raportad 
in  this  stuciy.  Tha  only  raoton  to  O'/an  ooraidar  portiol-ratporaa  tchamat,  than,  it  tha 
ponfeility  thot  o highar  M olphobat  than  two  (M  » 4,  8,  16)  might  ratult  in  battor  par- 
formonca  than  cr  uid  ba  obhtinad  with  tha  FSK  tchamat.  Going  to  highar  M,  though, 
complicotot  tha  domod  in  raquiring  oorralotoii't  for  tignoit  in  o symbol  tima.  It  wot 
coiscludad  thot  avan  if  soma  parformonca  goin  could  ba  hod  with  lorgar  M portiol  ratponta, 
tha  incraotad  oomplaxity  in  tha  damod  would  probably  ba  tignifioont. 
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2.5 


SUMMARY  OF  RESULTS 


I 


Ttw  tH«oir«Hoal  raiulH  obtained  aro  listed  in  Table  1 . The  listed  signals 
include  all  those  examined  for  which  thr  only  mechanism  of  intersymbol  influence  Is 
through  the  fact  thot  the  phase  of  the  sinusoid  at  the  beginning  of  a symbol  is  dependent 
on  the  data  history.  The  dxipe  of  the  phase  trajectory  during  o symbol  time  is  dependent 
only  on  the  currer  t bit.  This  doss  of  sigrwis  includes,  for  example,  oil  Mrary  pSosts- 
moduloHon  schemes.  These  PSK  types  corresportd  to  no  phase  accumulation  relative  to  j 

the  carrier  phase.  Also  irtcluded  ore  ai!  types  of  M-ory  FSK  modulotion  wherein  the  j 

phase  does  occumulote.  * 

The  PSK  schemes  (Table  1, entries  1 thru  15)  all  fall  misarobly  short  of  the 
20-dB  gool,  even  with  raised  cosirw  pulse-shaping.  These  schemes  also  have  the 

I 

disodvontoge  of  creating  a large  carrier  component  In  the  transmitted  signal.  As  a matter  i 

of  fact,  greoter  than  90  percent  of  the  total  transmitted  power  is  in  the  carrier  for  many 

of  these  schemes.  The  small  99-percer'  spectral  occupancy  is  obtained  through  this 

mechanism  of  simply  putting  most  of  the  power  in  the  carrier  comporent,  rather  than 

reducing  the  borxKridth  of  the  dota-carrying  continuous  spectrum.  This  indicotes  that 

the  schemes  probably  cannot  be  filtered  to  o bartdwidth  approaching  the  99-percent  spectral 

occupancy  bonrhridth  without  unduly  distorting  the  dato-carrying  portion  of  the  spectrum. 

These  PSK  schemes  also  have  the  disodrantoge  that  even  with  coherent  demods  the  per- 
formance is  worse  than  the  simpler  schemes  involvir^  limiter-discriminator  or  noncoherent 
demods  for  8-ory  continuous- phase  FSK  (see  Table  1,  entries  23,  24,  and  25).  • 

Based  on  the  results  listed  in  Table  i,  it  was  concluded  that  M-ory  FSK 
represented  the  sigml  structure  must  likely  to  meet  the  design  goals. 


( 
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TABLE  1 . CONSTANT  ENVELOPE  MODULATION  SCHEMES  EXAMINED 
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(continued) 


TABLE!.  (CONTINUED) 


I 


3 


) 

] 


i 

i 


S«ct!on  ill 
IMPLEMENTATION  CONSIDERATIONS 

It  was  dotomiinad  Htat  signalling  with  4-ory  continuous-phcNW  FSK  with  modu- 
lation index  h - 1/)5  satisfies  the  bandwidth  constraint  (99  percent  of  the  power  in  a band- 
width of  one-half  bit  rote)  and  has  the  thee  potential  of  satisfying  the  performance 

design  gool  (BER  of  10~^  with  Ei /N  of  90  dB).  Techniques  for  modulating  ortd  demodu- 

o o 

lating  such  signals  are  considered  in  this  section,  with  the  ultimote  goal  of  selecting  the 
best  techniques  for  imptxnentation.  The  primory  considerations  for  such  selection  are 
mtimates  of  performance  and  implementation  complexity  for  each  technique. 


3.1 


MODULATION 


Pint,  consider  modulation  techniques  for  accomplishing  continuous-phase 
4-ary  FSK  with  modulation  index  1/8.  Two  data  bits  must  be  used  eoch  symbol-time  to 
select  o waveform  having  one  of  four  possible  frequencies  for  transmission.  To  maintain 
phase  continuity,  it  is  necessory  that  all  of  the  four  woveforms  hove  the  same  phase  at  the 
symbol  transition  times.  This  requires  that  each  pair  of  frequencies  differs  by  exactly  on 
Integer  number  of  cycles  per  symbol-time;  hence,at  this  point  the  modulation  index  is 
unity  rather  than  l/8.  The  required  noduiation  index  of  1/8  is  obtained  by  frequency- 
dividing  the  resultant  waveforms  either  before  or  after  mixing,  so  thot  the  resultant  center 
frequency  is  70  MHz.  One  straightforward  approach  to  getting  tho  continuous-phase, 
mod,  index  1 signal  is  to  phase-lock  one  or  more  VCO's  at  multiples  of  the  symbol  rate 
and  count  down  the  VCO  output,  as  shown  in  Figure  12,  to  obtain  the  four  waveforms  to 
be  selected  by  the  data  bits.  Symbol  transition  times  then  occur  at  zero-phase  points  for 
all  waveforms. 

Another  approach  which  requires  lower  frequency  rates  for  the  digital  opera- 
tion, and  appears  more  desirable  to  implement,  is  shown  in  Figure  13.  In  this  approach, 
the  data  bits  are  used  to  select  four  possible  poirs  of  input  Frequencies  to  a mixer  such  that 
the  mixer  output  (sum  Frequencies)  is  one  of  four  Frequencies  differing  by  the  symbol  rate. 
The  some  symbol-rate  Frequency  is  used  to  obtain  the  frequency  differences  between 
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PnesMsf  pass  Uank 


56  MHx  28  MHz  14  MHz 


Figure  12.  VCO  Phase-Locking  to  Obtain  Continuous-Phcse 
Mod,  Index  t Signal 


150  MHz 


Figure  13.  Alternate  Approoch  to  Derivirtg  Conrinoou»“PSo»e.,  Mod,  Index  1 Signal 


wov*7onm,  o»  w*ll  os  the  transition  timos.  Hence,  if  the  transition  times  occur  at  the 
tero'-phose  points  of  the  symbol-rate  frequency,  ond  relative  shifts  through  the  mixing 
circuits  ore  motched,  oil  woveforms  will  hove  the  some  phase  (though  not  necessarily  zero 
photo)  at  those  tronsltion  times. 


3.2 


DEMODULATION 


Consider  first  several  "optimum"  demodulation  techniques  to  provide  perform- 
ance reference  points  and  perhops  furnish  guidance  to  implementation  approaches  for  sub- 
optimum  demodulation.  In  this  category,  single-symbol  and  multisymbol  receivers  for  both 
coherent  and  noncoherent  demodulation  of  4-ory  centinuous-phose  waveforms  with  modula- 
tion index  1/1)  are  considered.  For  such  sigmlling,  the  signol  waveform  s(t)  during  the 
n^  symbol  time  is 


s(t)  = A cos  (u»  t + a 
' ' c n 


■» 

IT 


t +jJ 


**^c  = center  frequency 

0 = Phase  at  beginning  of  n^^  symbol  time 

a = 1/2,  -1/2,  3/2,  or  - 3/2  (depending  upon  which  of  the 
r> 

four  symbols  is  transmitted  in  the  n symbol  time). 


3.2.1  Coherent  Demodu lotion 

Consider  the  performance  of  a coherent  demodulator  for  4-ory  FSK.  The  sig- 
nal is  described  by  the  phose  trajectory  plot  of  Figure  14.  The  coherent  demodulator  has 
knowledge  of  ^ at  the  beginning  of  a symbol  and  correlates  with  each  of  four  references. 


cos 


, over  the  intervol  0,  T . For  the  small  mod  index 


used  here  for  spectral  compactness,  the  high  S/N  ratio  performance  is  dominated  by  the 
probability  of  an  error  between  two  adjacent  frequencies.  The  correlation  between  two 
sinusoids  that  are  In  phase  ot  t = 0,  and  0 radians  out-of-phase  at  T^,  is  well  known  and 
given  by 

(14) 


P - A sine  (0) 
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Figure  14.  Phase  Trajectories  for  4-ary  FSK 
With  Mod  Index  “1/8 
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Th«  probobtllty  of  making  on  arror  botwaon  Hw  two  tinutoidi  with  o cohoront  rocoivor 
is  givon  by 


P(«)»Q 


E,(l  -P) 


05) 


whore 


and 


Energy  in  a symbol 


Nq  = O''o*sided  Gaussion  white  noise  spectral  density 


y_ 

2 


Q(X) 


■ / 


oo 

e 


yfln 


dy 


In  a 4>ary  FSK  scheme,  2 bits  are  used  to  select  one  of  the  four  frequencies  to  be  trans- 
mitted, The  average  ene.gy  per  bit,  Eb,  is  then  holf  the  energy-per-symbol,  E*: 


= 2Eb 


From  Equations  (14)  and  (15),  the  error  rote  for  an  M-ary  FSK  mod  index  1/8  coherent 
single  symbol  observation  receiver  is  given  by 


Q 


(1“sinc 


(16) 


at  high  Eb/Ng.  At  the  error  rates  of  interest  (<  10“^),  Equation  (16)  provides  an  accurate 
prediction  of  performance  for  single-symbol  demodulotion  and  predicts  an  error  rate  of 
1(T^  at  Eb/No  of  21 .3  dB.  Even  this  ideal  prediction  is  above  the  design  goal  of  20  dB. 
But,  rwte  in  Figure  14  that  the  continuous-phase  property  of  the  FSK  signal  leads  to  the 
introduction  of  intersymbol  influence  among  the  transmitted  signals  in  successive  symbol 
times.  The  one-symbol-time  coherent  demod,  with  the  performance  derived  above. 
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Ignores  this  property.  A d*mod  that  r*cogniz«s  and  oxplolts  this  contlnuoui'-phase 
property  might  (and#  In  fact,  does)  perform  better  than  the  one-symbol-time  demod. 

The  demod  Is  one  which  observes  the  signal  over  n symbol  times  and  makes 
a decision  on  the  first  symbol  time  by  choosing  the  first  symbol  from  the  maximum  likeli- 
hood signal  sequence.  The  demod  must  select  the  allowable  sequence  havinr  the  largest 
correlation  with  the  received  waveform  over  the  observation  Interval.  The  allowable 
sequences  are  defined  as  those  having  a phase  trajectory  that  Is  a path  through  an  n- 
symbol  tree  such  as  In  Figure  14.  The  Initial  starting  phase  Is  presumed  known  at  the 
coherent  receiver.  The  performance  of  the  multiple  observation  interval  coherent  re- 
ceiver will  be  calculated,  with  the  assumption  that  the  slgnal-to-noise  ratio  is  sufficiently 
high  so  that  the  error  rote  is  domiixited  by  the  minimum  distance  error  path  (s)  from  the 
trarumlttcid  path.  Distance  over  a time  Interval  T between  the  i*'^  and  signals,  s{  (t) 
and  s|(t),  is  defined  as 


«^i  = f h 


(t)  - Sj  (t)j 


The  probability  that  the  1^^  signal  has  higher  correlation  with  the  received  signal  In 
additive  white  Gaussian  noise  than  the  signal  was  transmitted  Is  given  by  the  well- 


known  relotion 


p..  =Q 

•I  2N, 


Referring  to  Figure  14,  for  the  smoil  mod  Indices  of  interest,  it  con  be  shown  that  over 
an  n- symbol  observation  interval  the  minimum  distance  error  paths  for  coherent  correlo- 
tlon  are  those  that  start  at  1 = 0 in  phase,  are  7t/4  radians  out-of-phose  at  t = Ts,  and 
arc  back  In  phase  at  t = 2Tj  through  nTj  (see  Figure  15). 

This  distance  Is  gi  ven  by 

d^  = 4£,  ,1  - sinr.  7t/4)  (19) 
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E,  - mnurgy  in  ona  tytnbol  * 2£b. 

E|>  ^ Avaroga  aftargy/li^t 

For  onoil  moda  indicas,  oil  odiar  signal  saguanoat  ora  ot  disloncat  corrasponding  to 
tavarol  di  lorgar  TKa  arior  rata  givan  Hta  1*^  saquanoa  traiamlttad  in  tha  n-s)anbol 
tinsa*  Is  tHaralbra  doaiinatad  by  tba  potb  ot  tba  dlstonoa  givan  by  Equation  (19).  if  all 
laquanoas  ovar  tba  n - symbol  Hmas  ora  aquolly  llkaly,  than  tba  probability  of  arronoously 
daciding  tba  Initial  symbol  Is  giaan  by 


Q 


(I  - sine  tr/4) 


(20) 


Comparing  Equations  ( 16)  for  orta-symbol  cobarant  ond  (2d  fsr  n ^ 2 - symbol  coharant 
damodulation,  it  can  ba  concludad  tbot  multipla-symbol  obsarvotion  yialds  o 3 dB  pai^ 
fonnonoa  improwmant.  Tba  multisymbol  cobarant  racaption  rasults  tbaoratioally  in  an 
arror  rata  of  10"^  for  E{>/No  of  18.3  dB. 


i 


Tba  cobarant  rafarancas  raquirad  during  aoch  symbol  Hma  for  o ona  - symbol 
obsarvotion  racaivar  ara  tba  four  pouibia  fraquancias,  aach  with  ona  of  aigbt  diffarant 
obosas  modulo  2n.  Tba  saparation  of  tba  aigbt  pbosas  is  rr/4  for  tba  h=1/B  systam. 

Thasa  cobarant  raferartcas  can  ba  obtainad  in  tba  bellowing  way  for  tba  h = 1/B  systam. 
Coroidaring  Figura  16,  tba  signal  is  first  input  to  o davica  wbicb  multiplias  fraquancy 
by  8.  This  laods  to  a mod  indax  = 1,  4-ary  FSK  signal  at  aigbt  timas  carrier  fraquarKiy. 
As  shown  in  Andarson  and  Sab^,  tba  mod-indax-ona  signal  bos  spactral  lirses  at  tba  four 
discrata  fraquancias  corrasponding  to  tbosa  transmittad.  Thasa  four  fraquancias  ara  salac- 
tad  by  Cba  bandjposs  filtars  (BPF)  ond  pbosa-Pock  loops  (PLL)  ara  locked  to  each. 

^Andarson,  R.R.  and  J.  Solx,  "Spactra  of  Digitol  BSTJ,  July-August,  pp.  1165  - 

1189. 
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Th«  PLL  outputs  or«  dividod  by  •tght,  malting  In  rsf*r«nc«s  at  th«  ortginal 
four  fro^fuoncios  coboront  to  within  some  multipto  of  7r/4  rodiom,  to  tho  transmitted 
four  frequencies.  These  rnferenoes  ore  fed  to  photo  shifters  which  correct  the  phases  by 
the  proper  amount  to  moke  oil  four  frequencies  in  phase  ot  the  beginning  of  o symbol 
time.  This  phose  must  be  the  some  phase  as  the  received  signal,  which  is  assumed  known. 
There  it  the  practical  problem,  then,  of  establishing  the  ohote  of  the  received  signal. 
Assuming  this  has  been  done,  the  phose  shifters  ore  initially  set  accordingly.  The  coher- 
ent references  are  then  correlated  against  the  incoming  symbol,  and  the  symbol  with 
largest  correlation  is  decided.  A phose  trajectory  plot  such  as  in  Figure  14  then  defines 
the  phase  to  which  the  coherently  decided  symbol  would  advance  the  signal . The  do- 
ooded  symbol  is  therefore  fed  bock  to  the  phase  shifters  to  modify  the  reference  phoses 
to  form  ^he  coherent  references  for  the  following  symbol  time. 


The  demod  structure  of  Figure  16  is  complicated;  in  addition,  there  are 
several  proctioal  decisions  that  need  to  be  made  in  determining  the  feasibility  of  Imple- 
mentation. For  example,  the  maximum  correlation  must  be  determined,  the  correspond- 
ing symbol  must  then  be  fed  bock  to  the  phase  shifters  and  the  r>ew  coherent  references 
established  thereby,  in  a time  short  relative  to  a symbol  time.  At  the  rates  relevont  to 
this  study,  the  symbol  time  is  less  than  100  nonoseconds;  therefore  this  problem  is  a severe 
one.  It  is  also  possible  that  there  is  an  error  propagation  problem,  in  that  whenever  on 
error  is  mode  erroneous  references  ore  used  until  a decision  is  mode  that  puts  the  phase  of 
the  referertces  bock  in  step  with  the  received  signal.  To  ovoid  such  on  error- propagation 
problem  would  require  eight  times  os  many  correlators,  or  a total  of  32  (one  for  each  of 
eight  possible  phoses  for  each  of  four  possible  frequencies).  An  intriguing  possibility  that 
eiiminatos  the  necessity  for  the  phase  shifters  involves  simply  coherently  demodulating 
the  mocf- index-one  signal  that  comes  out  of  the  Hmes-eight  nonlinearity  of  Figure  16. 

The  PLL  outputs  of  Figure  16,  without  the  divide-by-oight,  ore  the  coherent  references 
required  to  do  so.  The  performance  loss  for  such  a suboptimum  demodulator  con  be  opprox- 
inxitely  predicted  os  follows: 


I 


( 


I 


! 

I 


The  error  probability  for  either  the  optimum  coherent  receiver  or  t!ie  subopti- 
mum receiver  is  given  by  Equation  (If).  But  for  the  suboptimum  receiver  suggested  obove. 
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fhe  oorrelation  coefficient  P is  the  correlation  coefficient  for  bno  adjacent  frequencies 
with  mod- index-one  (P  = 0)  rather  than  1/B  (P=  .9),  and  the  effective  Nq  for  ♦he  sob- 
optimum  receliver  is  64  times  that  for  the  optimum  receive^  since  the  rms  phase  noise  is 
eight  times  cs  great  after  the  times-elght  multiplication.  Hence, 

(l-P)opt.  = 1 - .9  - .1 

(1  ~P)  sub.  opt.  =1-0  = 1 

and  it  can  be  seen  from  Equation  (15)  that  10  dB  has  been  gained  due  to  the  change  in 
P and  approximately  19  dB  (i.e.,  10  log|Q64)  has  been  lost  because  of  the  increased 
phase  noise  due  to  the  frequency  multiplication  of  the  sigrKil.  The  net  predicted  loss  is 
therefore  8 dB.  Performance  predictions  for  the  suboptimum  system  were  also  made  utili- 
zing a computer  simulation  program.  The  net  loss  from  this  simulation  was  6 dB. 

It  was  also  noted  that  tlmes-four  frequency  in*,‘ltiplication  produces  mod 
index  of  1/2,  which  also  corresponds  to  p = 0 (goin  of  10  dB).  The  effective  N<j  for 
times-four  frequencymultiplication,  however,  is  16  times  that  for  the  optimum  received 
(loss  of  10  log]0  16  = 12  dB).  Hence,  coherently  demodulating  after  times-four  frequen- 
cy multipication  of  the  sigrKil  results  in  a predicted  net  loss  of  2 dB  relative  to  the  optimum 
receiver.  The  computjr  simuia'jon  program  predicts  approximately  the  some  performance 
for  this  receiver  as  for  the  optimum  receiver.  Therefore,  this  appears  to  be  a simpler  and 
hence  a more  desirable  one-symbol  coherent  receiver  structure  than  the  optimum  correla- 
tion receiver.  However,  as  noted  above,  one-symbol  demodulator  performance  does  not 
meet  the  design  goal  requirement,  whereas  multiple-symbol  coherent  performance  does. 

But  the  multiple-symbol  coherent  demodulator  is  even  more  complex  to  imple- 
ment. As  indicated  earlier,  the  minimum-distance  error-path  for  the  low  modulation 
index  of  interest  is  two  symbol  times  long  (see  Figure  15).  For  the  low  error  rates  of 
interest  here,  the  two-symbol  coherent  demodulator  will  achieve  performance  very  close 
to  that  of  an  n- symbol  coherent  demodulator  for  n >2.  But  even  a tvro-symbol  coherent 
demodulator  would  require  128  two-symbol  correlator  references,  since  there  are  16  pos- 
sible combirKitions  of  four  frequencies  and  eight  starting  phases  for  each  combirxition. 


This  could  b«  reduced  to  32  by  ut!lizir>g  the  prhtciple  of  the  maximum-likelihood  decod* 
ing  techniques  noted  by  Viteibi^  for  convolution  codes.  From  Figure  14,  it  is  seen  that 
when  two  sigrxil  paths  reach  the  same  phase  modulo  2n , identical  input  symbols  to  the 
modulator  thereafter  produce  identical  sigrtals  out  of  the  modulator  during  successive 
symbol  intervals.  1his  is  the  sanr<e  type  of  structure  exhibited  by  convolution  codes,  and 
the  same  maximum-likelihood  demodulation  techniques  used  for  convolution  codes  con  be 
used  here.  Nevertheless,  rSis  technique  still  requires  32  correbtors  and  comlderoble 
logic  to  keep  track  of  competing  signal  paths  and  cumulative  correlation  measures  for 
each  path,  as  well  as  decisiorv-moking  logic  to  choose  the  most  likely  path,  and  hence, 
most  likely  symbol  decision,  each  symbol-time.  The  speed  requirements  for  the  logic 
circuitry  would  also  be  high  for  the  symbol  »otes  of  interest  here. 

3.2.2  Noncoherent  Demodulation 

The  structure  of  o one-symbol  noncoherent  receiver  for  4-ory  FSK  is  shown 
in  Figure  17,  This  receiver  is  equivalent  to  the  optimum  noncoherent  receiver.  It  con- 
sists of  four  matched  filters  (one  for  each  of  the  four  symbols),  each  followed  by  on  envel- 
ope detector  whose  outputs  are  sampled  at  the  symbol  rate  and  at  the  proper  time,  arxl  the 
largest  output  selected.  (The  required  timing  circuitry  is  not  shown.)  The  corresponding 
matched  symbol  is  then  the  demodubtor  output  decision.  (Practical  approximations  to 
matched  filters  for  FSK  symbols  are  narrow-bond  filters  tuned  to  the  symbol  frequency.) 

The  symbol  error  probability  for  such  a receiver,  for  the  high  sigr>al-to-rx)ise 
ratios  of  interest  here,  is  given  by 


^Viterhi,  A.J.,  "Error  Bounds  for  Convolutional  Codes  and  an  Asymptotically  Optimum 
Decoding  Algorithm,"  IEEE  Trans,  on  Information  Theory,  April  1967,  page  26C . 
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^(t)  Qnd  02^^)  phose  trajectories  for  adjacent  symbols.  That  is, 

for  the  4-ory  continuous-phase  FSK  signals  of  Interest  here,  ^](t)  "^2(0  = (if”)  f 


or  jpj  =sinc  = .975 


This  performtince  is  not  very  close  the  design  goal.  But  if  more  than  one 
symbol  is  observed  in  making  each  symbol  decision,  the  continuous-phase  property  of 
FSK  may  also  be  used  in  a noncoherent  receiver  to  Improve  its  perfomn  nce. 

In  Figure  18  is  shown  a receiver  which  observes  the  4-ory  received  signal 
over  three  symbol  times  and  matches  noncoherently  to  each  of  the  4^  = 64  possible  trans- 
mitted signals  irk  that  three-symbol  interval.  At  the  sampling  time,  once  per  symbol,  the 
output  of  each  of  the  64  envelope  detectors  is  sampled  and  the  largest  detector  output  is 
selected.  The  middle  symbol  in  the  Filter  corresponding  to  the  largest  output  becomes  the 
output  decision  over  that  symbol  time.  For  high  signal -to- noise  ratios,  tfils  receiver  can 
be  shown  to  be  equivalent  to  the  optimum  receiver  for  continuous-phase  birwry  FSK  with 
a 3-bit  observation  interval.  ^ 


^Osborne , W.P.  and  Luntz,  M.B.,  "Coherent  and  Noncoherent  Detection  of  CPFSK," 
IEEE,  Transactions  on  Communication  Technology,  Vol.  COM-22,  No.  8,  pp.  1023- 
1036,  August  1974 
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^ .TERS  MATCHED  TO 
SYMBOL  SEQUENCE  S;,  S, 


Figure  18.  Three- Symbol  Noncoherent  Receiver 


Th«  parfonnanc*  of  ifiU  roootvor  conno^  ba  rlgoNKwIy  oomputod,  but  a union 
bound  on  tho  rocoiver  porformonoo  It  not  particularly  dtfRcult  to  flrKl.  Tho  probability 
of  arror  Is  llmltod  by  the  probability  of  eoor  for  the  (VOrst~cose  data  sequence.  That  Is, 
the  ovoroll  error  probability,  It 

P*'  « Pf  (<l  Sp  S|t*  S|)  I mox 

the  error  probability  for  the  worst-oase  three-symbol  lequertce  S{,  S)^,  $|.  By  considering 
each  possible  error  Individual!;',  the  union  bourKi  on  probability  of  error 


Pe  < Wi.  Pr  f R|KL  > Rlkl  / S|  Sfc  S|\ 
K/k  ' 


may  be  written.  Thot  Is,  the  probability  of  error  will  be  less  than  the  sum  of  probabilities 
that  on  error  filter  output,  R|KL#  exceeds  the  correct  filter  output,  R||(|,  given  the  input 
sequence  S|,  S|(,  S|.  At  high  signal-to-nolse  ratio,  the  sum  of  Equation  (21)  is  dominated 
by  the  largest  pairwise  error  probability,  P^R|KL  > Rfkl  | S{,  S|c,S|j.  Thus,  the 
probability  of  error  for  the  three~symbol  receiver  of  Figure  18  may  be  found  by  consider- 
ing the  binory  error  performance  for  the  worst-cose  pair  of  three-symbol-duraticm  filters. 
For  the  FSK  sigrwl  with  peok-to-peok  deviation  of  3/8  the  symbol  rote,  the  worst-case 
pair  is  one  which  contains  on  odjacent  symbol  error  for  eoch  of  the  three  transmitted  sym- 
bols. Addltlorwlly,  for  the  worst-case  pattern  the  errors  in  the  first  and  third  symbols 
will  be  in  the  opposite  direction  from  the  center  symbol  error.  Thot  is,  if  the  transmitted 
symbol  sequence  were  S2,  S3,  S3,  then  the  most  probable  error  sequences  are  $1,  S4,  S2 
arxl  S3,  S2,  S4>  At  high  sigrxil-to-noise  ratio,  the  probability  of  error  is  given  by 


Pe  = Q 


{\-\P 


where  p , the  complex  correlation  coefficient  between  a poir  of  three-s>'mbol  waveforms, 
is  defined  as 
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f3T  ,1  [«1  W-  «2(»)]  d. 


(23) 


1 


P» 


Th«  phoMs  (t)  and  ^2  (^)  pho$a  tra|«ctori«s  for  each  of  the  worst~case  pairs 

of  wavefonra.  in  this  cate,  this  phoM  different  is  given  by 

t 0 < t < T 

(2T  - t)  T < t < 2T 

(t  ”31)  2T  < t < 3T 

Evaluation  of  the  correlotlon  from  Equation  (23)  yields  |p|  = sine  ( tr/8), 
which  may  be  used  to  evaluate  the  probability  of  error  from  Equation  (22)  This  yields 
on  error  probability  of  10“^  at  Efc/N©  = 22.4  dB,  a 5-dB  gain  over  single-symbol  nonco- 
herent demodulation. 

The  symbol  error  rote  performance  for  coherent  and  noncoherent  demodulation 
of  ^ -ary  FSK,  mod  index  ]/8,  is  plotted  in  Figure  17  versus  Eb/N©.  Also  Included  in 
Figure  19,  for  comparison  with  the  performance  of  the  optimum  techniques,  is  limiter- 
dlscrimirKilor  performance  with  a 4-pole  linear  phase  IF  filter  with  3-dB  bandwidth  equal 
to  the  symbol  rate.  The  details  of  limiter-discrimirxitor  performance  predictions  am 
treoted  in  Appendix  C. 

3.2,3  Multiple  Symbol  Observation 

it  will  be  noted  from  Figure  19  that  the  ideal  performance  of  the  optimum 
single-symbol  receiver  is  more  than  a dB  short  of  the  design  goal . if  only  1 dB  were 
allowed  for  implementation  loss,  the  single-symbol  coherent  receiver  performance  would 
be  more  than  2 dB  from  design  goal.  In  addition,  as  noted  above,  such  a receiver  is 


n 

4T 

4T 

7T 
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Figure  19,  Symbol  Error  Rofe  vs  for  Multijymbol  Observation  (4-ory  FSK  Performance  Curves  - Mod  Index  - 1/8) 


rallMK  cpmpl«K  iMplMMfit.  SuftMipHiiium  tlngle-tyinbol  approaches  vmmM  Rkoly  Iom 
even  more  In  peHImweoce . 

It  oppoers  door  fcom  the  results  In  Rpure  19  that  any  hop»  of  ochlevti^ 
Mpn  goal  perfetotcnoe  inust  utilise  multlsymbol  demodulotlon . Thot  Is,  the  received 
signal  for  more  than  one  syiebol^ttme  (e.g.,  for  n symbol  times)  most  be  used  In  making 
each  s)onbul  decision.  This  Implies  consideration  of  all  possible  tro|ectorles  over  n 
symfaol-Hmes,  which  leods  to  Implementation  cootplexlty  and  possibly  unrealistic  speed 
requireownts,  as  rjoted  eorlier.  But  for  any  raceived  signal  over  n symbol**times,  many 
of  the  possible  transmitted  trajectories  are  very  unlikely.  This  consideration  leads  to  o 
search  for  simple  schemes  for  ellmlnoting  the  very  unlikely  trajectories  from  further  con- 
sideration, thus  simplifying  the  firwl  selection  of  the  most  likely  tranenitted  trajectoiy. 
One  such  possible  scheme  for  consideration  involves  first  determining  the  most  likely 
beginning  phase  (phose  at  the  i>eginntng  of  each  symbol  time)  for  eoch  possible  frequency, 
thus  reducing  from  32  to  4 the  number  of  symbols  for  consideration  during  each  symbol- 
time,  This  would  result  In  a phcte  trajectory  trellis  with  four  possible  symbols  per  symbol- 
time,  such  os  that  shown  In  Figure  20. 

One  way  to  retain  the  four  most  probable  symbols  each  symbol-time  is  to  use 
the  ''midsymbor'  zero-crossing  time  to  determine  the  most  likely  beginning  phose  for  each 
possible  frequency  (see  Figure  21).  It  is  assumed  here  thot  there  are  roughly  two  cycles 
per  symbol  time  foi  the  four  symbol  frequencies.  For  any  frequency  there  ore  eight  possi- 
ble beginning  phases,  and  hertce,  eight  possible  sets  of  zero-crossing  times.  The  time 
and  direction  of  a zero-crossir>g  then  determines  the  storting  phase  for  any  assumed  fre- 
quency. But  with  noise  the  exact  zero-crossing  times  cannot  be  determined.  However, 
with  noise  corresponding  to  Efc/No  = 20  dB,  the  probability  of  eliminatir^  the  correct 
trarrsmitted  symbol  by  this  procedure  Is  approxirmtely  10"^^,  which  Is  negligible  in 
relation  to  available  firwl  error  rates.  This  is  calculated  as  follows: 

Consider  a typical  symbol  with  K cycles  per  symbol-time  (K  not  necessarily 
Integer),  as  shown  in  Figure  21 . The  slope  at  a zero  crossing  is 
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nA/2  _ 2>fAK 

Ts/4K  ■ Ts 

and  for  KiQh  signol'-lo^noiM  laHo,  Hm  nrn  phota  (ittar  du*  to  noita  vorlonc*  5, 

^ “ ®h/*.  But  wirti  whtta  noise  of  spectral  height  passed  through  a Filter  with  noise 
bon«hridth  = symbol  rate, 

h : *■%  = A 2 

No  N.  177 

= 1/^ir  in  tymbol'Hme  uniH. 

For  any  frequency,  the  eight  possible  beginnirrg  phoses  differ  by  \/h  cycle.  And  for  ony 
frequency,  the  corresponding  zeio*crosslrsg  locations  ore  krsown.  Therefore,  the  prob- 
ability, PE,  of  selecting  the  w^ong  stortlrtg  phase  from  o mstasurement  of  midsymbo!  zero- 
crossing  time  Is  equol  to  the  prabability  that  the  phase  noise  exceeds  1/16  cycle.  With 
E|;>/No  ~ 20  dB  and  Gaussian  noise,  this  is 

*Q(7.S6).10-N 

A conceptual  circuit  for  determining  these  four  most  ptoboble  symbols  each  symbol-time, 
and  hence  the  most  probable  trellis  paths.  Is  shown  in  Figure  22. 

in  addition  to  the  “phase  noise”  considered  above,  there  will  be  a “meosure- 
mont  noise”  due  to  uncertoirrties  in  (noiseless)  measurement  of  zero-crossing  time. 

As  noted  above,  the  rms  phase  noise  in  symbol-time  units  is  ~ 1/4Ktr 

r/ib/No.  For  Efc/No  = 20  dB  and  K = 2 this  becomes  = .004  symbol-times, 

^ oOtr 

ond  this  corresponds  to  PE  = Q (7.86)  3 10”^^.  A PE  of  10”®,  which  corresponds  to 
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Q (5.61)  could  be  tolerated.  Since  tbe  “phase  noise"  and  the  “measurement  noise"  add 
togetbw  end  ate  considered  Independent,  their  variances  odd.  Hence,  the  vorlonce  of 
the  measurement  noise,  must  satisfy  the  following  equotiom: 


ond 


2 

a 


_o_  ^ 7_M 
^9  5.61 


= 1.4 


= 0.004  symbol  times  3 0.3  nanoseconds. 


Therefore,  very  precise  time  resolution  of  zero-^crossing  time  measurements 
ore  te<tuired.  Abo,  the  final  selection  of  trajectories  must  consider  continuity  over  two 
or  more  symbol  times  of  the  trellis  (Figure  20).  Conflicts  between  trajectories  must  be 
resolved  by  some  odditlonal  meosures  such  os  phase  measurements  at  (or  near)  symbol 
transition  times  (enchphases),  making  use  of  intersymbol  depeiKience  due  to  the  filtering. 
The  final  algorithms  and  circuitry  for  accomplishing  this  were  not  completed  because  of 
the  greoter  promise  of  the  technique  of  frequency  determirmtion  from  end-phase  measurements. 

In  considering  frequency  determirsation  from  end-phase  measurements,  it 
should  be  noted  that  if  the  transmitted  phase  could  be  reliably  determined  at  each  symbol 
trarvition  time,  the  frequency  during  each  symbol  time  could  be  reliably  determined  from 
the  difference  in  phase  at  the  beginnirsg  and  end  of  each  symbol  time.  In  fact,  at  low 
error  rates,  one  would  expect  to  moke  two  (adjacent)  symbol  errors  each  time  an  error 
is  mode  in  determining  this  “e.'sd-phase . " With  high  sigixil-to-noise  power  ratio,  S/N, 
the  vcriacoe  of  equivalent  phose  noise,  r 

e 


2(SAl) 


radians  squared 


If  one  limits  the  noise  power  with  a filter  with  noise  hondwidth  equal  to  the  symbol  rote 
and  neglects  the  signal  attenuation  through  the  filter,  the  signal-to-noise  otio  at  the 
filter  output  is  S/N  = Ej/N©,  where  Ej  is  sigrKil  ertergy  per  symbol  and  N©  is  rwise-power 
spectral  density.  But  for  4-ary  FSK,  Eg  = 2 Ej,. 


/ 


1 


Assuming  this  phase  noise  to  be  Gaussian,  the  probability  that  the  phase  error  due  to 
noise  exceeds  an  angle  ^ is  Q 


Pq  = Q 


^b 


(4>  in  radians) 


Since  transmitted  erxl-phases  are  separated  by  4.*)  ^ the  probability  of  noise 
alone  causing  an  error  (threshold  half-way  between  phases)  is 


This  error-rate  performance  Is  only  5.1  dB  worse  than  antipodal  signalling  (e.g.,  binary 
PSi<)  and  correspxjnds  to  an  error  rate  of  10"^  at  Eb/N©  of  16.4  dB.  (Antipodal  signalling 
gives  an  error  probability  of  10~^  at  Eb/N©  of  11.3  dB.)  Thi  is  of  course  unreolistic, 
since  it  ignores  filter  distortion  of  the  transmit’-'H  phase  tra{.»ctories.  Hence,  the  next 
step  In  determining  realistic  performance  predictions  for  such  an  approach  is  to  determine 
realistic  phase  trajectOiy  distortion  by  realizable  filters. 

Several  filters  were  corwidered  and  the  one  which  appears  to  have  good  phase 
distortion  characteristics  is  a four-pole  modified  linear  phase  filter  with  noise  bandwidth 
equal  to  the  symbol  rate.  This  is  termed  a "modified”  lineor  phase  filter,  since  it  is  not 
a "standard"  bandpass  linear  phase  filter.  However,  it  is  realizable  and  its  pole  and  zero 
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locaHons  are  kr>own.  It  will  be  referred  to  hereafter  as  the  "iKjoiinol  filter".  After 
adjustirig  the  filter  output  for  a cortstont  time  delay  and  a constant  frequency  offset,  the 
trajectory  distortion  of  the  filter  output  relative  to  the  input  is  as  shown  in  Figure  23  for 
all  possible  positive  frequency  transitions.  Distortion  is  symmetrical  for  rtegotive  frequen- 
cy transitions.  No  filter  distortion  of  any  significance  extersds  over  more  than  orse  symbol 
time.  From  these  distortion  characteristics  it  is  easily  determined  that  for  any  two  mini- 
mum-distance  trajectories  such  as  those  shown  in  Figure  24,  the  Filter  distortion  causes 
the  candidate  end-ohose  to  differ  by  35**.  Hence,  if  the  threshold  can  be  chosen  properly 
(holf  way  between  the  two  distorted  phases),  the  probability  of  error  in  deciding  between 
the  cciiididate  phases  is 

= 

which  is  7.3  dB  worse  than  antipodal  signalling  and  corresponds  to  on  error  probability 
of  10”^  with  Ej^Nq  of  18.6  dB.  From  the  above  discussion  of  optimum  coherent  reception, 
recall  that  the  optimum  recei  ir  has  an  error  probability  of  10"7  vvith  E(j/N,5  of  18.3  dB. 

This  performance,  only  0.3  dB  from  optimum,  assumes  that  one  can  properly 
locote  the  decision  threshold  between  two  candidate  end-phases.  But  determining  the 
proper  thresl>old  location  for  any  symbol  transition  time  (e.g.,  b in  Figure  24)  requires 
krxjwing  the  transmitted  end-phases  on  either  side  of  this  transition  time  (e.g.,  o end  c. 
Figure  24).  These  phases,  of  course,  are  not  krx>wn;  in  fact  their  determination  is  part 
of  this  demodulation  process.  But  an  intuitive  approach  to  establishing  the  thresholds  is 
to  make  repeated  and  progressively  refined  estimates  of  the  tronsmitted  phase  at  each 
symbol  transition  time,  using  measured  phases  out  of  the  filter.  These  phase  estimates 
then  provide  crosstalk  estimates  and  hence  thresholds  for  more  refiried  phose  estimates. 

Such  a process,  consisting  in  principle  of  three  successively  refined  estimates  ct  eoch 
symbol  transition  time,  is  described  in  the  followirtg  paragraphs. 

The  first  step  is  to  retain  a most  likely  pair  of  (adjacent;  transmitted  ph  >ses 
at  each  point  consistent  with  the  measured  phase  (including  r»oise  and  filter  distortion)  at 


Figure  24.  Typical  Minimum-Distance  Trafectories 


that  point.  ($••  Figura  25.)  Sine*  th«  odfocant  tronafnlttad  and-phaMs  ore  saparatvd 
by  4^  and  tha  maximum  phoM  trafactory  dlitortion  is  15^,  tha  phosa  noise  must  be  at 
least  30^  for  the  measured  phase  to  foil  more  than  4^  away  from  the  transmitted  phase. 
Hence,  if  the  retained  pair  Is  the  pair  rteorest  the  measured  phase,  the  probability  that 
the  correct  transmitted  phose  is  eliminoted  by  this  initial  step  is 


® (v  ^ 


(.548) 


which  is  about  i0“^^  at  Eb/N^  - 18.3  dB,  the  signet l-to-noi$e  for  which  the  error  prob- 
ability of  the  optimum  receiver  is  1(^7,  Hence,  the  probability  of  elimirKiting  the  correct 
phase  is  negligible  relative  to  the  available  demodulator  performance. 

The  task  remains,  however,  of  choosing  the  transmitted  phase  from  eoch 
retained  pair.  The  best  woy  to  make  such  a choice  (with  the  ossumed  Gaussian  phase- 
noise)  is  to  use  a threshold  midway  between  the  distorted  (but  noiseless)  phase  points  after 
filtering.  But  the  amount  of  distortion,  hence  the  proper  threshold  location,  for  the 
retained  pair  of  phoses  at  any  point  depends  upon  the  transmitted  phase  on  either  side  of 
that  point  (such  as  phases  at  2 and  4 in  Figure  25).  If  these  phoses  were  krx>wn,  one 
could  determine  the  proper  threshold  at  3.  But,  of  course,  if  all  of  these  phases  were 
known,  the  thresholds  would  not  be  needed.  However,  a tentative  choice  of  these 
phoses  may  be  made  for  use  in  establishing  the  thresholds  for  the  firnl  phase  choices. 

These  tentative  decisions  aro  made  by  using  compromise  thresholds,  considering  all  possi- 
ble choices  for  the  phases  on  either  side  (such  as  2 artd  4 in  Figure  25).  For  any  retained 
pairs  of  phases  at  points  2,  3 and  4,  any  combination  of  the  assumed  phoses  ot  points  2 
and  4 will  res*jlt  in  one  of  three  adjacent  thresholds  for  deciding  between  the  retairted 
pair  ot  px)int  3.  These  three  thresholds  will  be  separated  by  5^  in  phose  (for  the  rxxninol 
filter).  Hence,  if  we  citoose  the  middle  threshold  of  tfiese  three  for  makirsg  the  tentative 
decision,  the  threshold  will  be  off  no  more  than  5^.  These  tentative  decisions  at  each 
point  are  then  used  to  determine  the  proper  threshold  for  the  firwil  decision  at  each  point. 
If  both  of  the  tentative  decisions  at  each  point  (such  as  the  tentative  decisions  on  either 
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sid«  of  th«  point)  ora  mode  corroctly,  ond  henco  the  threshold  for  th«>  Final  decision  is 
established  properly,  the  erro'  probability,  as  calculated  earlier,  is 


As  noted  eorller,  this  gives  an  error  probobiillty  of  at  E^l^  ==  18.6  dB,  which 
only  0.3  dB  from  optimum  receiver  performance.  If  one  of  the  tentative  decisions  Is  in 
error,  then  the  threshold  is  5^  off  and  hence  the  error  probability  is 


The  probability  oF  an  erroneous  tentcrive  decision  Is  also  approximately 
threshold  for  the  tentative  decision  is  also  oFf  (most  of  the  time)  by  5°.  Hence,  the  proh 
ability  of  making  a tentative  decision  error  ond  on  odjacent  Final  decision  error  at  any 
point  is  approxlntately  P^|2.5/  ^ 


giving  a probability  oF  10"^  at  Eiy/'No  = 18.3  dB.  Therefore,  the  overall  performance 
prediction  is  dominated  by  P]2.5r  9'vir>g  an  overall  error  rate  oF  10~^  at  about  18.6  dB. 

It  can  easily  be  seen  (by  trying  all  combinations  of  Frequency  transitions  and 
corrsidering  the  crosstalk  for  any  legitimate  transition)  that  for  any  adjacent  pair  of 
legitimate  traramitted  Frequencies  there  are  only  five  appropriate  threshold  locations 
between  each  adjacent  pair  of  legitimate  transmitted  end-phoses.  These  are  shown  in 
Figure  36  for  the  nominal  Filter.  Since  the  transmitted  phases  are  spaced  45^  apart, 
there  ore  only  eight  possible  transmitted  phases  (modulo  2n’)  at  any  symbol  end-point, 
os  indicated  by  the  X's  in  Figure  27.  With  only  Five  possible  threshold  locations  between 
each  pair,  the  errtire  phase  space  is  divided  into  the  40  regions  indicated  in  Figure  27. 
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Figure  26.  Appropriate  Decision  Threshold  Locations 
for  the  Nominal  Filter 
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It  woi  implied  earlier  that  at  any  end  point,  the  pair  of  phases  nearest  the 
measured  phase  at  that  point  were  retained.  This  would  require  additional  thresholds  at 
the  transmitted  phosus  (i  , at  the  X's)  for  determinir^  which  pair  of  phases  is  retained. 
However,  these  thresholds  are  not  rtecessary,  since  only  the  40  thresholds  in  Figure  27 
con  be  utilized.  Phases  1 and  2 (as  possible  transmitted  phases)  are  retained  if  the  re~ 
ceived  measurement  foils  in  region  R],  phases  2 and  3 if  the  measurement  falls  in  R2r  etc. 
The  probability  of  thus  eliminating  the  correct  phase  is  then  easily  seen  to  be  Pl7.5  ~ 

10*“^  at  Eb^o  ~ 18.6  d6,  which  is  the  some  as  the  theoretical  probability  of  eliminating 
the  correct  phase  in  the  final  decision.  Therefore,  phase  measurements  must  be  resolved 
to  within  one  of  the  40  regiorv  between  the  thresholds  of  Figure  27  in  order  to  obtain  the 
above  performance.  As  mentioned  previously,  this  performance  is  within  0.3  dB  of  the- 
oretical optimum.  But  even  more  significantly,  if  practical  implementation  losses  can  be 
held  to  1 .4  dB  this  technique  con  accomplish  the  design  goal  of  a 10~^  error  rate  at  20 
dB.  Hence,  this  is  the  technique  selected  for  further  investigation  and  implementation. 
Further  analysis  of  the  performance  of  this  technique  and  the  implementation  details  are 
contoined  in  the  following  section. 

3.3  BASELINE  RECEIVER 

3.3.1  Conceptuol  Design 

Figure  28  is  a block  diagram  of  the  baseline  receiver  elected.  The  filter 
is  nominally  u 4-pole  modified  linear  phase  filter  with  a roise  bandwidth  equal  to 
the  symbol  rate.  The  times-eight  frequency  multiplier  following  the  limiter 
produces  discrete  spectral  components  at  eight  times  each  of  the  four  tronsmitted  frequen- 
cies. Since  the  symbol  rate  is  exactly  eight  times  the  frequency  separation  of  any  two 
adjacent  frequencies,  symbol  timing  can  be  obtained  by  locking  two  oscillators  to  eight 
times  the  lowest  frequency  (Fq)  and  eight  times  the  next  frequency  (F]),  then  mixing 
these  oscillators  to  produce  the  difference  frequency. 

As  previously  discussed,  the  receiver  must  subdivide  the  phase  of  the  received 
sigrxil  at  the  end  of  a symbol  time  into  40  segments.  This  is  accomplished  by  the  three 
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phoM-dnfcctor  fhreshold  units  shown.  Lot  the  phone  displacement  caused  by  the  crosstalk 
produced  when  two  odjacent  frequencies  are  successively  tronsmitted  (such  os  F|  followed 
by  Fq)  be  9.  In  this  cose  the  receiver  must  provide  thresholds  at  phases  of 

n/B  + n/r/4, 

or»d  n/B  + n n/A  ± 9 

n/B  + ntr/4  ± 20 

whete  n takes  on  values  0 through  7.  These  locations  arr;)  shown  in  Figure  29.  The  sixteen 
thresholds  located  at  n/B  + nn/4  ± 29  are  provided  by  the  tvro  phase  detectors,  PDl  and 
PD2.  Each  of  the  two  phase  deteciors  has  four  threshold  devices  on  its  output.  Phase 
detector  P01  measures  the  phase  difference  between  the  input  ond  sine  of  Fq,  as  obtained 
from  the  phase- locked  loop  at  eight  Fq.  Phase  detector  PD2  measures  the  phase  difference 
between  the  input  and  the  cosine  of  Fq.  As  illustrated  in  Figure  29o  and  Figure  30,  this 
subdivides  the  phase  region  from  0 to  2n  (relative  to  the  phase  of  Fq)  into  16  parts.  In 
both  figures  it  is  assumed  that  49  is  approximately  22.5°,  which  is  approximately  true  for 
the  filter  proposed  in  the  baseline  design.  As  can  be  seen  froru  Figure  30,  the  four  thres- 
hold voltage  levels  for  TH  1 and  TH  2 are  the  some  and  are  symmetrically  spoced  obout 
zero.  The  two  digit  numbers  identifyirtg  the  16  phase  regions  in  Figure  29a  will  be  ex- 
ploirsed  when  the  detailed  logic  diagram  is  explained. 

The  remaining  24  thresholds  shown  in  Figure  29a  are  supplied  from  the  three 
threshold  levels  on  PD3.  Since  the  third  phase  detector,  PD3,  compares  the  phase  of 
eight  times  the  input  to  eight  Fq,  the  three  levels  appear  modulo  7t/4.  The  levels  are 
shown  in  Figure  29b.  As  is  shown,  the  4^  phase  region,  which  appears  as  360°  after  the 
frequency  multiplication, is  basically  divided  into  five  segments  by  the  three  thresfiolds 
associated  with  PD3  and  the  appropriate  two  thresholds  from  PDl  and  PD2. 


The  11  binary  outputs  from  the  11  threshold  devices  are  sampled  every  symbol 
time  and  supplied  to  a logic  network  to  make  the  decision  os  to  the  trarssmitted  frequency. 
Figure  31  illustrates  the  logic  furKti ons  required  to  carry  out  the  operotiora  described 
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Figur«29.  Thrvthold  Settings 


The  eight  bit*  from  the  eight  threshoid  devices  associated  with  TH  1 ar>d 
TH  2 are  converted  to  a 3-bit  binary  number  corresponding  to  the  estimated  transmitted 
phase  aixl  o 1-bit  birrary  number  designatir>g  whether  or  not  the  received  phase  is  cl'xe 
to  a legitimate  transmitted  phase.  These  two  numbers  are  shown  in  Figure  29a,  with  their 
correspondirsg  phase  region.  Table  2 presents  o truth  table  showing  the  conversion  which 
must  take  piece  between  the  eight  bits  from  the  threshold  detectors  and  the  three  phase- 
identification  bits  (P)  and  the  vernier  bit  (VI).  In  Figure  31  this  opeiati'sn  is  shown  as 
being  aoeomplished  by  a PROM  or  ROM,  although  It  could  be  accomplished  by  straight- 
forward hsgic  as  well . 

“ihe  three  phase  bits  ore  fed  to  a two-stage  (3-bit)  shift  register  (P  register). 
These  two  values  are  subtracted  to  produce  a 3-bit  estimate  of  the  freauency  (F).  Although 
the  actual  transmitted  frequency  is  limited  to  one  of  four  values,  Fq  through  F3,  noise 
conditiorts  can  easily  produce  an  estirrated  frequency  of  minus  one  or  plus  four.  Hence, 
three  bits  are  used  to  represent  the  frequency  in  the  F shift  register.  The  first  two  frequen- 
cies In  the  F register  are  subtracted  to  a 4-blt,  D,  value  which  represents  the  difference 
between  the  twe  frequencio’S.  Since  each  frequency  con  be  one  of  six  values,  the  differ- 
ence need"  to  be  represented  as  a 4-bit  r jmber  which  is  stored  In  the  D register. 

The  difference  in  estimated  frequencies,  D,  is  then  supplied,  along  with  the 
four  vernier  bits,  V,  from  the  V register  to  produce  a 2-bit  value,  X,  which  carries  the 
infomnatlon  for  both  the  tentotivc  ar>d  final  decisions  in  0 differential  form.  That  is,  the 
MSB  of  the  X word  is  zero  if  the  tentative  decision  indicates  that  the  Initial  value  of  P 
should  be  tentot  /ely  selected  and  is  one,  if  the  phase  P+1  should  be  tentatively  selected. 
Since  the  threshold  setting  for  the  fiita!  decision  differs  from  thot  of  the  tentative  decision 
by,  at  the  mos^  one  threshold  location  (on  Figure 29a),  the  LSB  of  the  X word  carries  all 
of  the  information  necessary  to  make  the  final  decision  from  a set  of  tentative  decisions. 

The  four  bits  from  the  V register  indicate  the  location  of  the  phase  meosurement  in  the 
45  segment  corresponding  to  a particular  value  of  P,  which  places  it  in  one  of  the  five 
regions  shown  in  Figure  29b. 


TabI*  3 pwwwH  th«  truth  tobU  tor  NOM  number  2.  Th«  four  bits  from  tho 
V rogittor  aro  shourn  os  tho  dosignoHon  bit  VI  from  PROM  numbor  1,  and  tho  thro*  bits 
from  TH  3,  olong  with  tho  corresponding  5-ory  value  of  V,  os  shown  in  Figure  30.  The 
two  X bits  ore  shown  os  a function  of  the  frequerKy  difference/  D,  for  difference  voices 
of  Volues  of  D larger  or  smaller  thon  these  values  should  not  occur  unless  rwise  is 
large/  but  should  be  ascribed  the  values  of  X corresporKlli>o  to  either  plus  or  minus  four/ 
depending  on  the  sign  of  D.  The  left~har>d  bit  in  Table  3 is  considered  the  MSB/  and 
hence  corresponds  to  the  tentotive  decision. 

The  MSB  of  Table  3 con  be  deduced  directly  from  the  principles  of  operation 
previously  discussed  when  one  takes  into  account  the  dependence  between  the  tentative 
threshold  decision  setting  and  the  frequency  difference  (which  is  proportional  to  the 
crosstalk).  It  is  Important  to  note  that  the  threshold  should  not  move  beyornl  the  range 
in  a particular  45^  segment.  The  LSB  simply  corries  the  informutloo  os  to  whot  finol 
decision  would  be  made  If  the  threshold  is  to  be  moved  up  or  down  one  from  the  tentative 
decision  in  the  final  decision  process. 

A delay  of  five  symbol  rimes  is  provided  in  the  V shift  register/  since  it  is 
ossumed  that  five  symbol  times  are  necessary  to  provide  a legitimate  D volue.  This 
assumes  that  each  PROM  and  subtract  operation  has  one  symbol  time  to  settle.  The  X 
values  ore  supplied  to  a four-sample  shift  register.  The  hwo  MSB  values  of  the  first  oixJ 
lost  stoge  are  supplied/  along  with  both  values  of  the  middle  two  stoges/  to  PROM  number 
3.  These  six  bits  are  sufficient  to  determine  two  successive  fIrKi!  decisiors  on  phase/  and 
hence,  one  final  frequency  decision  in  a differential  form  (that  is,  whether  the  stored 
frequerKy  should  be  odvanced  or  reduced  by  or>e,  or  left  alone).  Table  4 provides  the 
truth  table  for  this  decision.  Only  the  conditions  which  require  a change  in  the  frequen- 
cy value  ore  listed.  The  PROM  accepts  tho  3-bit  frequency  ruimber  and  provides  an  out- 
put which  advances  <sr  retards  the  frequency  os  indicated  by  the  six  bits  from  the  X regis- 
ter and  the  truth  tobtu  of  Table  4.  Since  only  four  values  of  frequency  could  be  trans- 
mitted, the  PROm  would  select  the  closest  legitimate  frequency  when  a value  outside  the 
range  0 to  3 is  colled  for.  For  convenience,  a quality  bit  Q could  be  provided  to  indioote 
this  event. 


TAW.E  3.  PROM  2 TRUfH  TABLE  - X OUTPUT  VS . VERNIER 
AND  DIFFERENCE  INPUTS 


D 


VI 

TH  3 

V 

-4 

-3 

-2 

-1 

0 

+1 

+2 

+3 

+4 

0 

0 00 

0 

1 1 

1 1 

1 1 

1 1 

1 1 

1 0 

0 1 

00 

00 

1 

000 

1 

1 1 

1 1 

1 1 

1 1 

1 0 

0 1 

00 

0 0 

0 0 

1 

1 00 

2 

1 1 

1 1 

1 1 

1 0 

0 1 

00 

00 

00 

00 

1 

1 1 0 

3 

1 1 

1 1 

1 0 

0 1 

00 

00 

0 0 

0 0 

0 0 

1 

1 1 1 

4 

00 

00 

0 0 

0 0 

0 0 

00 

00 

00 

00 

TABLE  4.  PROM  3 TRUTH  TABLE  - Fq  OUTPUT  VS.  X AND  F INPUTS 


0 2 1 
X,  (MSB)  X2  X3  X4  (MSB) 


0 

1 

1 

1 


0 I 

2 3 

0,1  1 

2 2,3 

0,1  2,3 


0 

1 

0 

0 

0 


Fo  = F+l 


IfFo  >3,  Fq=3 
IfFo  <0,  Fq=0 


0 

I 

0 

0 


1 0 0 

3 2 1 

1 0,1  1 

2,3  2 1 

2,3  0,1 


Fo-F-1 


Ah  other  combinations 


If  a Mcond  loy«r  of  final  dacition  Is  dosirod,  o socond  rogUtor  ond  on  oddlt- 
lonol  PROM  will  b«  requlrvd  ov  ir  thof  shown  in  Ftguro  31 . An  oddtfionol  stag*  In  tho  F 
rogistor  will  olso  b«  rec|uir«d  to  ollow  for  the  additional  deloy.  An  alternative  hookup 
for  providing  "final- flrtcl"  decisions  based  on  surrounding  final  decisions  is  shown  in 
Figure  32.  The  truth  table  for  making  flrsal  decisions  from  surrounding  tentative  decisions 
and  a middle  value  of  X is  Qiven  in  Table  5.  Tho  same  table  applies  to  making  "final  - 
final"  decisio  'em  surroundirtg  final  decisions  ond  a middle  value  of  X where  the  tTnol 
decisions  take  the  piece  of  X)  tmd  X3.  The  logic  shown  in  Figure  32  implements  this 
table  and  applies  the  appioprlcte  correction  to  the  frequency  word.  It  does  not,  however, 
accoi«nt  for  finol  frequency  estimates  outside  the  range  of  0 to  3. 

3.3.2  Performance  Estimotes 

In  this  section,  performance  estimotss  for  the  baseline  configuration  are 
presented.  The  sensitivity  of  performance  to  various  conditions  of  link  and  equipment 
imperfection  was  investigated.  The  specific  oreas  investigated  were  as  follows: 

1 . Selection  and  sensitivity  to  ^riotions  of  the  input  filter. 

2.  Semitivity  to  additional  filtering  in  the  radio. 

3.  Sensitivity  to  threshold  setting  variations. 

4.  Sensitivity  to  phase  jitter  from  the  link  and  from  the  equipment. 

5.  Sensitivity  to  symbol  timing  voriations. 

6.  Sensitivity  to  frequency  offset. 

7.  Sensitivity  to  adjacent  and  cochannel  interference. 

8.  Sensitivity  to  multipath  reflections. 

Because  of  the  large  number  of  parameters  to  be  varied,  the  procedure  taken  was  to  estob- 
lish  a boseline  for  all  parameters  which  was  felt  to  represent  a rsominol  operating  cor>di- 
tion.  The  parameter  in  question  was  then  varied  from  that  point,  with  all  other  perturb- 
ances set  at  their  nomirxil  value.  In  this  manner,  it  is  felt  that  the  perfotrrance  estimates 
provided  should  represent  performance  predictions  for  the  constructed  device  rather  than 
bounds  which  the  equipment  could  not  surpass. 


• Aitemotive  LoqIc  for  Tvwo*'Loyvr  Fimi  Osci: 


3.3.2. 1 Computer  Prograin 

Before  preienting  the  performance  retulH  it  is  desirable  to  first  briefly  desribe 
the  computer  program  which  was  used  to  obtain  these. 

The  performorKe  was  calculated  in  terms  of  symbol  error  rate  for  a specified 
E|^No  for  the  configurotion  preserved  in  Figures  28  and  31 . The  error  rate  prediction  is 
bosed  on  a combination  of  simulction  and  analysis.  This  oombinotion  was  necessitated  by 
the  fact  that  the  crosstalk  effects  ore  tao  complex  for  oitalysis  orsd  the  error  rates  with 
noise  are  too  small  to  obtain  from  a simulation  of  reasonable  length.  The  approach,  there- 
fore, was  to  calculate  the  instarrtaneous  phase  (relative  to  the  phase  of  Fq)  arta  env^iiope 
of  the  signal  out  of  the  irtput  filter  of  Figure  28  when  a representotive  transmit  signal 
sequence  is  sent.  The  representative  transmitted  sequence  was  selectad  os  a 64-symbol 
sequence  which  goes  through  all  combirsaHons  of  three  successive  4-ory  frequency  symbols. 
Since  the  irrtersymbol  interference  does  not  significantly  change  beyond  odjocent  symbols, 
this  sequence  was  felt  to  be  representative  of  random  symbol  transmission. 

The  received  phase  at  the  end  of  symbol  time  was  assumed  to  be  the  instonta- 
iMWus  phase  culculoted  for  that  time  plus  a zero  mean  Gauuian  random  variable  whose 
voriortce  depended  upon  the  assumed  value  of  the  assumed  noise  bondwidth  of  the 

filtering,  and  the  instantaneous  envelope  of  the  noise-free  received  signal  at  that  time. 

It  wos  felt  that  the  Gaussian  assumption  was  justifiable  because  the  range  of  IF  signal-to- 
noise  ratios  of  interest  did  not  include  small  values.  With  these  assumptiora,  the  proba- 
bility of  the  received  phase  falling  in  a porticubr  threshold  region  (relative  to  the  trans- 
mitted phase)  was  calculated  , Eleven  regions  oround  the  transmitted  phase  were  con- 
sidered, as  illustrated  in  Figure  33  . If  the  transmitted  phase  was  that  corresponding  to  P 
equal  to  zero,  the  eleven  threshold  regions  ranging  from  P equal  to  or>e  and  V equal  to 
zero,  to  P equal  to  seven  and  V equal  to  zero,  were  considered.  The  probability  that  the 
received  value  was  beyond  the  outside  regions  (which  was  quite  small  for  the  cases  cal- 
culated) was  lumped  into  the  probability  of  being  in  the  outside  region.  Since  in  either 
case  Q symbol  error  is  almost  certain,  this  simplification  should  haw.'  little  effect  on  the 


error  rote . 


Thus,  probability  of  lying  in  ooch  of  atavan  throtbold  roglom  around 
ooch  traramitlod  pttoM  wai  obtoirtod.  Each  froguoncy  Mtimot*  from  th«  logic  oonflgura> 
tion  of  FigufO  31  dopandt  upon  oicoctiy  «Im  phoM  moosuromantt . Thorofora,  ooch  of  tba 
1 oombinatiom  of  tbrotbold  rogioni  was  tostod  to  otoortain  if  a symbol  would  occur, 
ond  tba  probobllity  of  all  combimtionB  coutlng  orror  wos  summod.  It  should  bo  notod 
tbot  tba  logical  conflgucoHon  of  Figure  31  is  sucb  fbot  tba  tbrosbold  regions  con  be 
lumped  together  in  many  oases,  ond  con:iderably  less  than  1 1^  oolculotions  ore  neceswry 
to  obtain  the  firui  error  probability. 

The  calculation  for  the  instaiitoneous  phase  and  envelope  is  such  tbot  vorio- 
tion  in  filter  parameters  ond  input  signal  tuning  con  be  occommodoted.  In  oddltion,  the 
stgnoi  Srrto  the  filters  con  consist  of  ntore  rfran  rsne  FSK  signol  with  different  center  he- 
ffuertcy  and  time  reference  so  that  oochannel  and  or^ocent  chonne!  croutolk  ond  multi- 
path  con  be  enomined.  Additiorwl  phase  jitter  oppeois  rss  a term  which  odeb  to  the 
Gaussian  phase  noise  ossumed  to  be  the  edsirive  tiiiK  rwiw.  The  odditionol 

phase  rtoise  wos  usually  ossumed  to  be  normally  distributed.  However,  the  cose  of  uni- 
fom';  distribution  for  this  noise  wos  also  investigoted.  Voriorion  of  the  threshold  settings 
could  be  occommodoted  by  vorying  the  probobility  of  the  received  phose  foiling  in  o 
region. 

To  determine  the  appropriate  time  to  sample  the  receiver  output,  the  phase 
shifts  of  the  filter  to  Fq  ond  F|  were  colculoted  and  the  time  of  the  zero  crossings  of  the 
difference  fre<|uency  from  8Fq  orKi  8F|  was  determined.  Since  this  corresportds  to  the 
method  proposed  for  symbol  timing,  the  effect  of  filter  variotion  upon  the  timing  was 
automatically  checked.  A means  of  vorying  the  sampling  time  about  the  value  calculated 
in  this  marmer  wci  provided. 

3. 3. 2. 2 Results 

As  previously  stated,  the  approach  used  to  obtain  results  wo»  to  choose 
nominal  values  for  the  porometon  to  be  varied  ortd  to  vory  orse  at  o tinte  with  the  others 
epuol  tu  their  nominal  >mlue.  The  values  choiecs  os  nominal  were  the  followirsg: 


1 . Input  filter:  4^pole  modified  lliwor  pha>e  * londwidll)  ei^l  14  MHz 

2.  Rodfe  flltertt  3-pole  0. l-di  ripple  TIY  - londwidtH  equal  30  MHz; 

3-pole  lutterwortfi  - Ic  .dwidtit  equoi  30  MHz 

3.  Threiliold  tettinps:  0 = 4.^  (bett  setting  witbin  0.2i^) 

4.  Phote  jitter:  0.4^  nm 

5.  Symbol  Timing:  I percetst  of  tymboi  from  best  location 

6 . Frequency  Offset:  None 

7.  Interference:  None 

8.  Muitipatb:  None 

The  performortce  for  tbk  nominoi  configurotion  is  shown  in  Figure  34  along 

with  the  bounc  for  mulHsynnboi  coherent  4^ry  FSIC  with  c deriotion  letio  of  1/^.  As 
con  be  seen,  the  symbol  error  rate  tracks  the  bound  reoscnobly  well  over  a wide  range 
of  Eb^Ng.  As  con  oho  be  teen,  the  voiue  of  19.7  di  is  required  for  10'^  symbol  error 
rate,  which  it  opproKimotely  1 .4  di  ovray  fram  the  bound.  The  perfonnonce  diverges 

slightly  from  the  bourtd  ot  both  higher  and  lower  error  rates,  being  obout  1 .6  di  owoy 
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at  10  ond  1 .9  di  ot  10  symbol  error  rate. 

Figure  35  shovfs  the  performance  over  a oral  ter  range  of  Eb/N^ . As  oon  be 
teen,  the  ratigh  perfo'motsoe  estimates  bosed  on  minimum  distance  oiotse  for  the  filter 
used  preHicred  performance  approxi nately  0.7  di  owoy  from  the  bound.  As  is  alto 
opfwrent,  the  perforworsce  predicted  for  the  unit  boch-to-bock  (without  the  rodio  filter) 
ond  with  no  jitter  is  quite  clos?  to  the  minimum  diitarsce  prediction.  Thus,  the  strategy 
of  using  teittative  r'e'titioni  cxmes  very  clooe  to  the  best  performonce  ovoiloble  from  the 
filter.  Also  shown  ore  the  results  with  bock-to-bock  operation  orsd  0.50  rms  jitter 
(omittirrg  the  liisk  jitter).  Thus,  one  might  conclude  thot  tmighly  0.7  dO  difference  fram 
the  bound  is  fundomental  to  the  filtcr-iimiter  opprooch  orsd  (he  remaining  0.7  dB  it  due 
to  onticipoted  equipment  and  link  impairments. 
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3. 3. 2. 3 Filter  Selection 


The  process  employed  in  selecting  the  chorocteri sties  of  the  nominol  filter 
involved  tryir»g  a variety  of  filters  and  observing  their  performance.  Table  6 lists  the 
EIv/Nq  necossory  to  achieve  10  ^ symbol  error  rote  for  a variety  of  different  front-end 
filters.  All  of  these  figures  assume  the  rtominai  coiKlitions  other  thon  the  irrpMt  filter . 

As  con  be  seen,  usiiig  o modifed  lineor  phase  filter  provides  a reosorrobly  significant  gain 
over  that  available  from  standard  four-pole  filters  which  utilize  the  storvdard  frequency 
tronslotion.  The  performance  voriotion  for  different  bondwidths  and  different  numbers 
of  poles  for  the  modified  linear  phase  configuration,  however,  is  quite  small. 

In  order  to  test  the  sensitivity  of  the  performance  to  filter  drift,  each  pole 
of  the  modified  linear-phase  (MLP)  filters  was  shifted  by  on  amount  randomly  chosr. n 
from  a uniform  distribution  corresponding  to  ± 5 percent  of  the  Q of  the  pole  and  ' 1 
percent  of  the  center  frequency.  The  results  are  shown  in  Table  7,  v/here  each  filter 
vios  perturbed  with  four  independent  trials.  As  con  be  seen,  little  loss  occurs  except  In 
the  narrower  bandwidth  case. 

3. 3. 2. 4 Radio  Filter  Variation 

It  was  anticipated  thot  the  narrower  and  higher  order  ML?  fiit<irs  would 
provide  better  protection  against  variation  in  the  radio  filters.  Toble  8 shows  the 
necessary  for  10"7  symbol  error  rate  when  the  3-pole  Botterworth  radio  filter  is  changed 
to  a 1-dB  ripple  Tchebycheff  filter.  Although  loss  occurs  in  oil  cases,  rhe  difference  <s 
r>ot  great . 

3. 3. 2. 5 Threshold  Settings 

Figure  36  shows  the  necessary  to  obtain  10-7  synbol  error  rate  versus 

the  spocirsg  of  the  threshold  settings  in  degrees. 
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TAftLE  6.  FILTER  CHARACTERISTICS  VS  . 
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TAW.E  7.  FILT01  PaiURftATHDNS  VS.  Efe/'No  " MODIFI€D 
LINEAR  PHASE  FILTERS 
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TAME  8 


. EFFECT  OF  CHANGING  a-POLE  BW  TO  1 d8  RIPPLE  TBY 
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3. 3.2  .6  Phow  JitiNtr 

Figur*  3?  p«r5ormonc«  ^t\ui  phosc  jitt«r  for  bofft  onifomi  orvci 

Guotsion  ct»m4ty  fvncHons  for  tKn  pfwM  . 

3. 3. 7. 7 Symbol  TitTiin. 

Figure  38  tbows  the  performance  versus  voriafion  in  symbol  time.  As  can  be 
soon,  fbe  perfermorsce  "s  quite  sensitive  »o  symbol  time  voriotion.  The  symbol  time  de- 
duced by  the  computer  ond  used  in  the  nominal  coser  however.  Is  net  os  good  o location 
os  that  available  from  a symbo?  time  “tweek  knob." 

3. 3. 2. 8 Frequency  Offset 

Figure  39  shows  the  performance  versus  frequency  offset  of  the  received 

signal . 

3. 3. 2. 9 Interference  Rejection 

Figure  40  presents  the  interference  performo^ce  of  the  rxxninal  boseline 
system  when  on  irsterferirtg  sigrvil  identical  in  rmture,  but  with  a different  PN  sequence, 
is  present.  The  different  curves  represent  the  performonce  versus  the  frac^uency  separa- 
tion of  the  two  signals  in  units  of  the  symbol  rote  The  curve  for  zero  separation  repre- 
sents the  cose  of  cochonne!  interference.  The  horizontol  line  represents  the  symbol  error 
rotes  cofrespor»ding  to  degradations  of  1 dP,  2 d8,  and  3 JD  from  the  interference- free 
performance  at  ?0-dB 

Table  9 lists  the  $:gnal-to-interference  rotios  corresporsding  to  the  various 
frequency  separations  and  degradation  values. 

Figure  41  shows  the  symbol  error  rote  for  an  Et>/No  of  20  d8  and  o frequency 
separation  of  two  symbol  rotes  for  votious  input  filter  choices.  As  con  be  seen,  little 
performance  difference  exists  amorsg  the  filters.  This  would  seem  to  argue  that  the  pre- 
Jee’inont  cause  of  errors  from  interfering  signals  with  this  spacing  is  the  cochonnei  com- 
ponent of  the  adjocent~char:r«l  signol. 
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Figur*  37.  Effect  of  PSom  jift»r 
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Section  IV 


HARDWARE  DESCRIPTION 

A breadboard  modem  incorporating  the  baseline  concepts  described  in  Section 
III  was  constructed.  The  actual  hardware  is  described  in  this  section. 

4.1  MODULATOR 

The  modulator  is  packaged  in  o 5-inch  chassis  with  integral  power  supplies. 

The  unit  accepts  data  and  return  clock  and  provides  a modulated  70-MHz  signal  at  a 
nominal  level  of  +1  dBm.  Figure  42  Is  a block  diagram  of  the  modulator. 

The  four  tones  are  generated  by  mixing  the  crystal  oscillator  with  bit  rate  and 
symbol  <ate.  This  results  in  four  frequencies  with  spacing  exactly  equal  to  tne  symbol  rare 
and  differing  by  an  Integn.'il  number  of  cycles  per  symbol  time.  The  input  data  is  blocked 
into  two  bit  words  which  control  the  solection  of  one  of  the  four  frequencies  during  each 
symbol  time.  This  forms  a mod  index  equal  1,  FSK  signal  centered  at  225  MHz.  The 
phoser  of  the  tones  are  statically  adjusted  such  that  cl!  have  the  same  phase  ot  the  begin- 
ning of  a symbol  time. 

The  mod  index  1 signal  is  divided  by  8 to  generate  the  desired  mod  index  1/8 
signal  at  28.125  MHz.  This  signal  ‘s  buffered,  filtered,  and  translated  to  70  MHz  by  mix- 
ing with  a 98.125-MHz  oscillator.  The  necessity  for  conversion  results  from  the  implemen- 
tation difficulties  associated  with  the  dIvide-by-8  function  and  frequency  selector.  Di- 
rect generation  requires  the  divide-by-8  and  multiplier  ro  operate  a!  8 x 70  MHz,  or 
560  MHz.  Although  this  is  within  the  state-of-the-art,  it  was  felt  that  the  risk  and  diffi- 
culty did  not  outweigh  the  cost  of  the  additional  circuits. 

No  significant  conceptuol  difficulties  were  encountered  in  the  design,  con- 
struction, and  test  of  the  modulator. 


Preceding  page  blank 
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4.2 


DEMODULATOR 


The  uemodulator  is  packaged  in  a 7.25“inch  chassis  with  integral  power  sup- 
plies. The  unit  accept;  o +1  dBm  rvsminal  signal  at  70  MHz  and  provides  data  arsd  clock. 
Figure  43  is  a bloc!;  diagram  of  the  demodulator. 

The  operation  of  the  unit  is  described  in  detail  in  Section  ill.  The  received 
sigrxil  is  filtered  ond  limited.  The  input  filter  approximotes  o »ymbcl-rate-wide  modified 
linear  phase  design  with  a generalized  4-pole-pair  boridposs  followed  by  two  sections  of 
phase  equalization.  The  composite  delay  distortion  wcs  less  than  5 ns.  The  requii«d 
carrier  reference  is  generated  by  downconverting  and  multiplying  by  6 to  generate  a 
mod  irsdex  1 sigtsal  with  discrete  frequencies.  The  purpose  of  downconverting  is  to  alln* , 
'he  use  of  readily  available,  low  risk,  voltage-controlled  oscillotors  in  the  phn^c-i  icked 
iuops.  The  two  loops  lock  to  the  two  lowest  frequencies.  The  bottom  ^.cquency  is  divided 
by  8 arKJ  trarrslated  coherently  to  7G  MHz  to  serve  os  a reference  for  demodulotion . The 
upper  frequency  is  mixed  with  the  lower  frequency  to  produce  symbol  rate. 

A single  pair  of  quadrature  phase  detectors  is  used  to  measure  the  e’idirtg 
phases.  The  secord  phase  detector  dejcrited  in  Section  III  was  eliminated  by  adding  the 
appropriate  thresholds  to  the  quadrctuie  units.  The  phose  detecrors  ore  sampled  at  the  end 
of  the  symbol  time  and  the  resuit  processed  by  the  logic.  The  detoiled  operation  of  the 
logic  is  described  in  Para.  3.3. 1 . 

No  significant  conceptual  problems  were  encountered  in  the  design,  con- 
struction, or>d  test  of  the  demodulator. 


107 


SMtion  V 


TEST  RESULTS 

TK«  t«st  pragroRi  includes  tests  at  Horris  ESD  in  Melbourne,  Florida,  and  at 
RAOC  in  Rome,  New  Yoric.  The  in-plant  tests  were  designed  to  provide  o perfoononce 
boseline  from  which  to  interpret  results  from  loter  radio  and  link  tests  and  to  verify  Hte 
chorocteristics  of  various  internal  parameters.  These  tests  were  performed  with  the 
modem  looped  bock  ot  70  MHz  with  odditive  thermoi  noise.  The  RADC  tests  irv:luded 
both  bock-ro-bock  tests  with  the  LC8D  rodio  ond  simulator  and  link  rests  utilizing  the 
Stockbridge  radio.  The  Test  Plan  is  iiscluded  in  this  report  as  Appendix  D. 

in  this  section,  the  test  results  ore  presented.  The  modem  performed  quite 
well  orwl  met  or  exceeded  the  design  objectives  in  oil  coses. 

5.1  BER  vs 

The  design  objective  for  the  modem  was  on  error  rote  of  10  ^ or  less  at  on 
of  20  dB.  The  BER  was  measured  in  o variety  of  configurations,  os  described 
below.  Details  of  the  test  configuration  orKl  calibration  ore  in  Appendix  D. 

5.1.1  Bock-to-Bock  Results 

For  this  test,  the  modulator  and  dsmodulator  were  connected  directly  at 
70  MHz,  At  the  demodulator  input,  thermal  rwise  with  on  equivalent  barxlwidth  ot 
30  MHz  was  added  at  70  MHz,  A typical  BER  curve  is  shown  in  Figure  44,  The 
miiiimum-distance  bound  curve  represents  the  performance  theoretically  attairKible  with 
the  4-ory  FSK  signal  structure  used.  In  the  vicinity  of  u 10”^  BR,  the  measured  doto 
is  approximately  1 .7  dB  from  this  tx  und.  Referring  to  Figure  34,  the  bound  for  the 
baseline  opproach  is  approximately  0.7  dB  from  the  theoretical  bound.  This  implies  on 
implementation  loss  of  1 dB  for  the  modem  as  constructed.  The  most  probable  sources 
of  this  degrodotion  are  the  input  modified  linear  phose  filter  and  timir^  jitter.  It  should 
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b«  not«u  tKot  on  odditictnol  0.5  9 porformonc*  Is  avaiiobU  by  lmpi«tm«ntinc  ('be 
socond  toyor  of  »«rrtcrfiy»  dvcisiom  dWtcrlbod  in  Pom.  3.3.1 . 

5.1.2  Microwov  Simulobv  Rosults 

T^’>e  miciowovc  radio  simulator  consists  of  two  LC8D  rodios  configured  to 
facilitate  testing  in  vorious  modes.  The  modem  interfoced  the  radio  at  70  MHz.  The 
rodio  wos  then  looped  back  at  8 GHz  via  a coupler  and  the  receive  level  wss  varied  to 
produce  the  curves  of  Figure  45. 

The  open-circle  curve  was  taken  \/lth  no  IF  filtering  in  the  radio.  The 
r>omirKil  bondwidth  in  this  mode  is  50  MHz.  A BER  of  10  ^ was  achieved  at  an  Ejj/Nc 
of  20.3  dB.  The  measured  data  is  0.6  d3  worse  than  typical  laboratory  meosuremetfts 
made  at  70  MHz.  The  omplitude  resportse  and  deloy  distortion  of  the  simulator  were 
measured.  The  amplitude  characteristic  varied  by  +0.5/-0.9  dB  over  the  14-MHz  active 
band.  The  delay  distortion  wos  +2/-4  ns  over  the  bond,  or  6 ns  peok-to-peok . The 
conclusion  was  reached  that  the  delay  distortion  was  probably  the  major  contributor  to 
additional  degradation. 

The  remnining  plots  were  mode  with  either  i 25-MHz,  3 pole-pair,  equal- 
ized Butterworth  or  a 30-MHz,  0.1  dB,  3 pole-pair  Tchebycheff  preceding  the  demod- 
ulotor.  In  the  vicinity  of  a 10"^  BER,  the  Butterworth  filter  resulted  in  a loss  of  approx- 
imately 0.8  dB,  while  the  Tchebycheff  loss  was  approximately  1 .0  dB  worse.  Although 
the  Tchebycheff  has  a wider  bondwidth,  the  additional  loss  was  expected  due  to  the 
poorer  phase  characteristic.  A loss  of  0.7  dB  was  predicted  by  Table  8 for  replacement 
of  the  Butterworth  with  a 1-dB  Tchebycheff.  The  measured  0.2  dB  difference  appears 
consistent  with  the  experiment,  which  utilized  o 0.1-dB  Tchebycheff  with  a 30%  greater 
bandwidth . 

5.1.3  Link  Results 

Measurements  over  a 36-miie,  8-GHz,  microwave  link  were  also  made . 

This  was  accompllslied  by  looping  the  remote  radio  at  70  MHz  ond  retransmittirsg 
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to  fh#  simubtor  on  a Mtcond  fraquoncy.  Th«  rasuiH  of  fhU  «xp«.-im«nt  or«  piottod  in 
Figur*  46.  TSo  m«o»urod  porfonnonc*  at  o 10  ^ BBl  it  21 .6  dB.  Thlt  ropmonts  o 
d«grodot!&  of  1 .3  dB  over  tlw  unflltorod  simubtor  rvsult.  TH«  amplitude  rotpont*  of 
th«  romot*  radio  wot  muosured  and  bund  to  bo  worio  tfxin  that  of  fh«  simubtor.  The 
omplituds  was  ♦■O.Q/  -1 .8  dB  and  th«  doioy  distortion  wos  +2  n»/  -6  nt,  or  8 nt  peoh-to- 
peok.  The  additional  distortion  is  probably  the  r>s|or  contributor  to  th«  cdditionol 
dogrodotion. 

5.2  INTRINSIC  BER 

TKa  Ety/N^  was  sat  at  30  dB  and  tha  BER  observed  for  an  oxtartdad  period  to 
estimata  the  intrinsic  BER  of  the  modem-radio  combination.  A 2-hour  period  on  the 
simulator  and  or  The  link  resulted  in  no  errors.  The  number  of  error-free  bits  processed 
in  this  period  is  approximately  2 x 10^^ . Based  on  this  experiment,  ond  after  exomining 
the  »lope  of  the  meosured  data  in  the  10"^  region.  It  was  concluded  thot  the  irrtrinsic 

error  rate  is  certainly  less  than  10“^'  and  probobly  less  thon  10*^^. 

5.3  SPECTRAL  OCCUPANCY 

The  design  objective  wos  to  ochie /e  o 99-percent  power  bondwidth  of  0.5 
tinres  the  bit  rote.  The  predicted  arrd  meosured  spectra  ore  shown  in  Figure  47.  The 
colcubted  spectrum  hos  a 99-percent  power  bandwidth  of  0.5.  A comporison  with  the 
measured  data  indicates  the  actual  spectrum  is  0.5  or  slightly  less.  The  indicated  increose 
in  the  measured  spectrum  near  1 ,0  results  from  the  addition  of  the  upper  sideband  from 
{he  final  translation.  This  wos  removed  by  o bandpass  filter  within  the  modulatoi  a» 

70  MHz . 

A series  of  experiments  wos  run  with  the  simulator  to  determine  the  effects 
of  filtering  and  limiting  the  F5K  spectrum.  It  wos  felt  that  this  data  would  be  useful  In 
determinirrg  the  best  strategy  for  complying  with  the  stringent  emission  requirements  of 
FCC  Docket  19311  . This  requirement  specifies  that  the  power  in  a 4-KHz  bandwidth  at 
the  bond  edge  (0.25)  be  50  dB  below  the  totol  power  end  tiiat  an  ultirrxrtc  floor  of  8C  dB 
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IN  4^rt*  lANO  Ifunvf  TO  TOTAL  TtANSAWntf  POWW  - 


bv  fodwd  ot  0.45,  Bhown  In  Ft^ur*  47^  tK«  unfll*»r«d  tftvctrtim  H>«  -SO  dt 
rMyulnmwfftf  at  0.25.  TK**  mnk  from  -50  di  to  -80  d8  U mi»Md  by  a maxlmiwn  of  16  dB 
In  tHa  vicinity  of  0.45. 

For  oKparimantot  purpo>gi.  tKv'  ntodiflod  Itnour  pKoM  Bltor  in  tb«  domodulolor 
-wot  oonllgurad  os  a trunult  BItor.  Ftgui*  48  it  a tpactr\«n  one  lyzar  plot  of  tHa  unmodi- 
flod  modulator  70-MHz  output.  Noto  tbot  tbit  plot  hot  tbo  tana  tbopa  ot  tbot  of  FIguro 
47,  but  tba  obaolutc  UmoI  it  diflafont  by  at  rvueh  6 d8.  Tbit  rotultad  from  iba  uw  of  tb« 
vldoo  flltor  witb  tba  log  mobu  ond  a 3-kHz  rotbor  tbon  a 4-kHz  IF.  Tba  plot  of  Figuro 
47  roprotardt  tbo  ov«*aga  logorilbin  ralbar  tbon  tb«  ovamga  powr,  and  bone*  indicotos 
a kngor  obtoluto  lavol . Howvor,  for  tba  purpose  of  ubterving  tbe  r«lotiv«  ipoctnisn 
rmtofotion  multing  from  limiting,  tbe  plots  ore  quite  odequete. 

Tbe  nominol  8-GHz  output  spectrum  it  shown  in  Figure  49.  in  Figures  50 
ond  51 , Hie  ipoctio  were  meotured  with  tbe  llrwor  pbote  flirer  i aerted  at  70  MHz . 
Comparing  Figursn  48  ond  50,  it  can  be  seen  that  tbe  tide- lobe  level  bat  been  reduced 
by  opprcwimotely  17  d8.  Comparing  Figures  49  and  51,  tbe  side-lobe  level  it  reduced 
by  more  tbon  9 di.  Tbit  result  iisdRootot  fbat  a tigrsifioorst  portion  of  tbe  filtering  necet- 
tory  to cximpiy  with  tbe  FCC  requirements  can  be  occomplished  at  IF,  with  reksriveiy 
inesepereive  arsd  easy  to  reploce  filters. 

5.4  INTERFetfNCE  REJECTION 

Tbe  8ER  performance  at  selected  Eiy^N^'t  was  measured  with  both  oochorsrsei 
and  odjocent-cborsnel  interferersoB . Tbe  interference  wot  identical  to  tbe  desired  sigrsai, 
os  described  in  Appendix  0. 

5.4.1  Cocborwsel  Interference 

Tbe  results  of  tbe  cocbonnel  interferersce  test  ore  iistecl  in  Table  1U.  In  tbit 
table,  CIR  is  tbo  ratio  in  dB  of  tbe  desired  st'gnol  to  tbe  irsterferlrsg  signol . The  degro- 
dotion  is  calculated  by  reodlng  from  Figure  45  tbe  difference  in  Eh<^Nlo  between  tbe  BBI 
witb  interferersce  orsd  tbe  8ER  without  irsterferersce. 
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Figurt'  5C.  pilfered  70-MHz  Spect'-um 


Figure  51.  8-GHz  Spectruin  After  Limiting  with  IF  Filter 


5.4.2  Adjacent- CSonnel  Interference 

Asimilarexper  mentwasperfonnedwjththe  interfering  signal  placed  in  the 
upper  and  then  the  lower  odjocent  channel . The  center  frequency  of  the  interference 
woi  set  at  ± 7 MHi  relative  to  the  band  edge  of  the  center  channel . The  results  are 
listed  in  Table  \ 1 . 
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TABLE  1 1 . DEGRADATION  FROM  ADJACENT-CHANNEL  INTERFERENCE 


Ei/No  (dB) 

CIR  (dB) 

Degradation  (dB) 

20 

21.4 

0.4 

(Low) 

18.4 

0.6 

23 

21.4 

0.4 

18.4 

0.8 

20 

21.4 

0.0 

(High) 

18.4 

0.3 

23 

21.4 

0.0 

18.4 

0.4 
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SecHon  VI 


CONCLUSIONS  AND  RECOMMENDATIONS 

6.1  CONCLUSIONS 

A practical  modem  technique  providing  the  desired  bit  error  rate  and  spectral 
occupancy  with  hard-limiting  radio  sets  was  constructed  and  successfully  tested.  The 
modem  implements  a new  technique  for  coherent,  multisymbol  detection  of  4-ary  FSK 
which  performs  within  0.7  dB  of  optimum  and  is  significantly  less  complex  thon  the 
classical  demodulator. 

The  orwlytical  arxl  experimental  results  ir>dioate  that  the  modem  provides  a 
bortdwidth  efficiency  of  2 bits  per  hertz  and  an  error  rate  of  10  ^ or  less  at  an  Et/N^  of 
20  dB.  It  wos  concluded  that  the  modem  provides  a practical  and  efficient  mechanism 
for  converting  an  artalog  FDM-FM  line-of-sight  microwave  system  to  high-density  digital 
operation  by  replacement  of  the  modulation  elements. 

6.2  RECOMMENDATIONS 

It  is  recommended  that  a program  be  undertaken  to  refine  the  breadboard 
design  toward  operational  hardware  to  facilitate  additional  test  and  evaluation.  This 
program  should  focus  on  optimizing  the  cost  performance  and  operatioixil  characteristics 
of  the  modem.  Performance  features  to  be  evaluated  include  acquisition,  a second  layer 
of  decision  processir^,  1-bit-per-hertz  operation,  and  emission- contra  I techniques. 
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APPENDIX  A 


CONSTANT  ENVELOPE  M-ARY  SIGNALLING  POWER  SPECTRA 


In  this  Appendix  the  general  expressions  for  spectra  of  constant  envelope 
digital  angle  modulation  signals  are  developed.  These  ore  the  expressions  used  in  the 
signal  design  effort  of  the  study . 

Form  of  Constant  Envelope  Sigrwts  Considered 
The  sigrKils  v/e  consider  are  of  the  form: 

s(t)  = A cos  (Wj.  t + <^(t)  ) (A-1) 

where 

A = constant  amplitude 
Wg  = carrier  frequency 

<^(t)  = information- carrying  orjgle  modulation 

We  assume  tiiat  w^.  > > frequencies  of  <^(t).  Under  this  condition  it  becomes  much 
easier  in  the  sequel  to  work  «yith  the  low-pass  equivolent  complex  signal 

z(t)  . Aei‘^(0  (A-2) 

We  restrict  our  <:»nsideration  of  <^(t)'  s to  the  following  type,  d'(f)  ^riust  be  made  to  vary 

in  response  to  a .sequence  of  digital  symbols  which  we  denote  by  uq,  u]| , 02  . . . . 

r -I  ' 

where  Oj  is  allowed  to  be  an  M-ary  symbol,  aje  p,  M j . We  shall  allow  ^(t)  in  the 
i^  symbol  interval  to  be  of  the  form 

sHt)  = <pQ.  (t  - IT)  + 0J,  iT  < t < (i  M)  T (A-3) 


FmwKgg  pga  iiui 


A-1 


wh*r* 


T ~ M-tjry  symbol  time 


(0  f (t)  , ^3  (t)  ... 

defined  over  time  Interval  j^O,  T 
phose  trojectorles. 


f M 1 < o set  of  M phase  shapes 
|.  We  will  call  these  fo;  's  the 


9-  = an  Initial  starting  phase  at  the  b«>oinning  of  the  I*"  symbol  defined 
by  the  recursion: 


0;  - 0;_1  + ^a\~] 


Agj  = not  phase  Increinent  relative  to  carrier  incurred  when  symbol  Oj 
is  transmitted . 


The  form  of  ^(t)  specified  in  Equation  (A-3)  requires  that  the  shape  of  the  phase  function 
duririg  each  symbol  time  be  selected  from  one  of  M bosic  shapes  (the  *s)  depending 
upon  Oj.  In  addition,  the  beginnirsg  phase  is  always  the  net  accumulated  phase  caused 
by  all  preceding  symbols.  With  this  form  we  con  treot  all  forms  of  continuous  and  dis- 
continuous phase  angle  modulation  signals.  As  an  example.  Figure  A-1  shows  the  two 
^g.  's  for  binary  mod  index  = h continuous  phase  FSK . We  note  with  regard  to  Figure 
A-1,  and  for  all  continous  phase  signals  in  general,  all  ^g.  (0)  must  equal  0. 

Figure  A-2  shows  binary  PSK  phase  trajectories  as  an  example  of  a discontin- 
uous phase  trajectory  angle  modulation.  Figure  A-3  shows  arbitrary  discontinuous  binary 


Derivotion  of  Power  Spectra 

Now  that  we  have  detailed  the  type  of  constant  envelope  sigrxsiling  we  ere 
coi  (dering,  we  derive  here  the  spectral  density  for  such  sigtKils.  Consider  an  N-symbol 


A-2 


V 


segment  of  fhe  low-pass  equlvolont  complex  signal  of  Equation  (A-2).  We  shell  call  this 
segment  (t).  It  is  given  by 

N-  1 

^ A L-  «•  9>g;  (f-'T)-*-  0;]  p(t-iT)  (A-4) 


i -0 


where 


p(0  = 


1,  0 < t < T 
0,  elsewhere 


We  employ  the  segmented  Fourier  transform  approach  to  derive  the  ipectrum  of  z(t).  With 
this  approach  the  spectrum  is  g<ven  by 


Lim 


S(w)  ^ IE|sj  (w)  I 

N— »oo  NT 


(A-5) 


where  Ffyj  (w)  is  the  Fourier  tronsfomi  of  Z|s|  (t).  The  bar  in  Equation  (A-5)  denotes 
taking  the  expected  value  over  all  random  variables.  From  Equotion  (A-4)  it  is  evident 
that 

N-1 

dt  (A-6) 


N-1  T 

Fk|(w)  = a E e . i9i  I eil^aiO  . -i** 
1=C 


and 


N- 1 N- I 


Ff^(w)  2 = a2  H T,  e g 1(0;  - 0f)  f ehajM  e dx 

i=0  1=0 


A-4 


f e (y)  e ^I'^y  <^y 

o 


(A-7) 


The  expected  value  of  Equation  (A-5)  must  be  taken  over  all  possible  values  of  Oj,  0/, 
and  Tokirtg  the  expecte  values  is  facillitated  by  splitting  the  double  summation 

of  Equation  (A-7)  into  two  parts  thus 


Fn  (w) 


2 a2 


-iw(x-y)  dxdy 


(A-8) 


N“1  N-1 

+ a2  E IZ  e “id'O  wT  ^ j(0i-%)/  ifoi(x)^-iwx  / ^ “i  (y)  ^+jwy 
i=0  1 = 0 Jo  ^ lo  ^ 


The  first  term  in  Equation  (A-8)  is  for  i = t and  the  second  term  is  for  i / f . 


In  the  second  "erm  of  Equation  (A-8),  {\  i),  it  should  be  evident  that  the  terms  for 

which  i < < are  complex  contugates  of  corresponding  terms  f or  i > ( . Equation  (A-8)  can 
therefore  be  rewritten  os 


Fn(w) 


N-1  T T 


2 =,  A,2 


E r / ei[»oiW"  e"l»(*-y)  dx  dy  (A-9) 

i =0  Jo  Jo 


N-1  N- I 

y2A2Rel;  2:  ^-iwT(i--)^i(ei-8) 

1=0  i=<+l 


Jt'  .i  - 


(■<>  e dx 


e “ifa;  (y)  _ +jwy 


A-5 


Th«  flnt  of  EquaHon  (A-9)  ii  commonly  roforrod  to  o«  tfw  **Mtlf-«p«ctrum", 
s!nc«  it  in'tolves  products  of  Fourier  tromforrm  in  the  lutn*  time  slot;  tfi«  second  term  is 
referred  to  os  tf>e  "cross- spectrum",  since  it  involves  cross-products  of  Fourier  transforms 
from  two  different  time  slots. 

We  requiis  the  expected  value  of  Equotiots  (A-9)  for  computing  spectrum  os 
in  Equation  ( ).  It  is  written  as 


7 I 

^ Jo  X « ■ ^l<y)  j e dx  dy  (A-10) 

N-  1 N- 1 , 

+ 2A^  Re  L L o-M(l'f)  ^|(ei-0f) 

1=0  i=f+l 


L 


eoi(x)  'I’wx 


dx 


e-i^fvy)  ^ + jwy  Jy 


We  isote  that  in  terms  of  Agj  (net  phase  increment  relative  to  corner  coused  by  symbol 
a;  ) we  can  write 

i-t-  1 

9i-9, 

n - I 


i.e.,  the  net  phase  change  from  beginni'»g  of  the  symbol  to  beginnirtg  of  the  i^ 
symbol  (i  >f)  is  the  sum  of  the  phase  increments  of  the  intervening  symbols,  "’’he  reason 
for  the  contribution,  being  split  from  the  sum  will  be  door  mo>nentoriiy . With  this 
rvototion,  the  expected  value  required  in  the  cross-spec tro I term  of  Equation  (A-10) 
becomes 


(A-ll) 


i-  #-  1 

•*  E A 


°f  + 


fT  ,i«oi(«>  , -iw.  j.  f'  .-if '•»,<>'>  ■Ao,].*i'«yd, 
Jo  -^O 


W«  not*  thot  tt>«  ovoroll  *xp«ct«d  valu«  Ka»  be«n  split  inha  th«  product  of  tfsre*  ind«- 
p*n<knt  t«fms'  expoctod  vtiiu«t.  W*  »halt  now  d»fiit«  the  following  functiont: 


C^(x)^e  i^oi^*'  = 


M 


m -*  1 


i 


(x) 


(A-12) 


E 

m = 1 


•^m 


for  equally  likely  M-O'7  symbols. 

Further,  we  note  that 


‘-"'a, 

^ °t+n 


n - 


i-t-  I 

II 


lA 


1 « 


o f + n 


c;"'"’  cn 


where  we  hove  used  the  hct  that  (T)  using  Equations  (A-H),  (A-J2), 

f + n f T n 

and  (A- 13)  in  Equotion  (A-16),  we  obtain 
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,i[»oi(«)-*o|<r>]  e -I”  dxdy 


*2a2i.  C,<«).''~''dx(f’D,(y).''"''dy''j 

r-0  i =»+ 1 \°  / 


(A- 14) 

\ 


V 


or 


C 


dx 


(A- 15) 


+2A 


- 1 wx 

C^(x)«  dx 


,-T 


-iwy 
D^(y)  e dy 


1=0  5 = r+  1 


For  th#  doubi*  tumnwHon  on  I and  f In  »he  cro$$-if>«ctrum  we  con  group  those  terms  for 
which  i - f equuh  o coi-btont,  k,  and  rewrite  the  double  sum  os  a single  summation  thus: 


2^  X-  * V**  ® L (N-k)^e 

= 0 i-.M 


k-1 


|wT 


CJT) 


ThsfA  Equotion  (A- 15)  becomes: 


' ,A^N  i L i f\>-"<^>e-i”“dx|  ' 

M m = 1 • •'O 


(A-16) 


/J  C,,x,  .-i»« 


dx 


X'  Df(y)  (N-k)(.'''“'c,(T:)'‘' ' 


+2A^  Re 


substituting  Equation  (A-16)  into  (A-5),  we  arrive  at  an  expression  for  the  spectral 
density,  S (w): 


To  cotnplete  the  derivation  of  spectnsi  density  now  we  must  evaluate  the  limit  of  the 
sum  in  the  cross-spectral  term: 


N-  1 

Urn  ^ 
N -»oo  k = 1 


We  must  distinguish  two  cases  to  evaluate  this  limit:  (T)|  <1  end  C^(T)!  =1 


Case  1 : 


C^(T)  < 1 


•When 


C^(T) 


< 1,  the  limit  obvious  y exisH  ond  is  given  by 


N-  1 


Lim 

N--KIO 


k = l 


k i 


SubsHtuting  Equation  (A-19b)  into  Equation  (A-17)  yields  the  Case  1 5(w): 


S(w)  - Case  1,  C^  (T)  < 1 


We  note  that  the  condition  j C(^(T)|  < 1 has  resulted  in  an  entirely  coni’nuous  spectrum 
There  are  rxj  spectral  lines  Indicated  in  Equation  (A-20).  We  shall  see  in  the  following 
'hat  |Ci^(T)j  = 1 will  introduce  delta  functions  in  the  spectrum. 


Cose  2;  C^a)l  = 1 


I I 


Just  as  in  Case  1,  we  wi.h  to  evaluate  the  limit  given  in  Equation  \A-18).  However, 
since  1 C^(T)j  =1,  the  infinite  sum  does  not  converge  for  the  frequencies  such  that 


-jwT  -j2Trn 

e Cy(T)  ~ e , n an  arbitrary  integer 


(A-21 


and  it  will  turn  out  that  these  will,  in  fact,  be  the  frequencies  at  which  there  are  delta 
functions  in  the  spectrum. 

Let  L’s  initially  look  at  Equation  (A-21)  more  carefully.  In  this  case 


C^(T)  - e 


A-!0 


since  the  magnitude  is  unity.  Equation  (A-21)  is  therefore 


-jwT  jGc 

-j27rn 

e e 

e 

e-|(w-— )T  = 

^ -j27rn 

or 

yi/  - 27m  ^ 9c 

T T 

, n = . . . -1,  0,  + i , , . . j 

(A-23) 

The  frequencies  indicated  by  Equation  (A-23)  ore  the  locxiti^ns  of  spectral  lines  about 

0 

the  assumed  center  frequency.  They  will  be  offset  from  the  carrier  by  and  spaced 

1 ' 
at  the  symbol  rote,  — . 
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APFENDiX  B 


COMPUTER  PROGRAM  FOR  SPECTRAL  OCCUPANCY 

In  this  Appendix  we  shall  show  the  techni^  ^ ur,ed  in  a Fortran  computer  program 
gerseroted  during  the  stv»dy  to  firtd  spectral  occupancy  for  arbitrary  arsgle  modulation  sig- 
nals. In  Appendix  A the  spectral  derssity  for  M-ory  digitol  angle  modulation  is  given  by: 


C^(T)|<  1 


The  reader  is  referred  to  Appendix  A for  definition  of  terms.  The  condition  that  ] C^(T)|<  1 
means  there  ore  r»o  spectral  lines  in  the  spectrum.  The  first  term  in  Equotion(B-'l)is  the  self 
spectrum  orKi  the  second  t'arrri  is  the  cross  spectrum. 

We  hove  calculated  with  the  computer  program  by  oriproximatir^  eoch  of  the 

1»,(t)  by  a series  of  N steps,  as  shown  in  Figure  B-1 . Each  of  the  steps  has  o duration 
' y 

= ^ , as  shown  in  Figure  B-1 . The  value  of  the  phase  in  the  nth  step  interval  for  the 
il^^  f.  is  givt.i  by  0.^.  We  shall  restrict  ourselves  in  what  follows  to  the  stepwise  approx- 
imation to  continuous  phase  angle  modulation  wherein  the  initial  phase  of  the  carrier  o* 
the  symbol  time  is  0^^  ])  N'  the  ending  phase  of  the  preceding  symbol. 


Examining  the  first  term  (self  spectrum)  of  Equation  (B-1), we  find  that  it  is  given  by 
.2  M N N 


S.  (w)  = 


Mr 


e'®™  e 


-i0 


-mr 


i=l  m=l  t.=l 


in 

Jlm- 


-|WX 


nr  ,+iwy 


(m-l)r 


e 

in-1) 


dy 


Now  since 


I 


mr 


(m- 1 )v 


' jw(m-l/2)r wr 

"c  ~r 


r''^’‘dx  = re 


(B-2) 


(B-2A) 


8-1 


i 


Symbol 

Time 


Figure  B-1.  Stepwise  Approximation  tofj^(t) 


B-2 


wh«re 


Sin  X 


Sine  X ^ 


Equation  (B--2)  can  be  written  as 

N 


.2_2  M N 


I e>®ime"i®in  * 2 wT 


sme 


(B-3) 


The  power  within  bandwidth  w about  the  corrier,  due  to  S (w),i$  given  by 


+w. 


P (w  ) = 

$ a 


^W_ 


(w)  dw 


■~r 


^2  M N N 
P (w  ) = — I ^ t. 


r ^ ' 

L 


^ jw(n-m)  siric^ -^^^w  ^B-4) 
e'  2 


If  we  mcke  the  definition 


I _ I /_  _\  A / |w(n-m)r  . 2 wr 

\n,m/  “ j ui-iiU4^  f e*  ^inr  ~ 

wo  wa  — I o 


t 


sine  — dw 


C./2 


and 


we  have 


C.  6 ei®'"’ 


im  — 


A^r  M 
P(w)=4rr-  r 


$ ' a'  MN 


i=1 


N 

I 


N 

r c.  c*  j 


m 


=1  n=l  '^a 


Defining  a vector  rj" 


(B- 


(B-6) 


V,.  = 


C C C 


B-3 


and  a matrix  J whose  (n,m)  entry  is  Jy^g(n,m),  we  con  rewrite  Equcrion  (B-6)  ai 


.2  M 
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Equation  (B-7)  gives  the  contribution  of  the  self  spectrum  to  in-bond  power.  We 
ix)w  reqfjivAi  ^he  contributic.i  of  the  cross-spectrum  to  in-band  power,  the  spectral  density 
beir>g  the  sucond  term  of  Equation  (B-1).  If  we  define  a term  G(w)  such  that 


G(w) 
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then  we  con  write  the  cross-spectrum  from  Equation  (B-1)  as 
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S (w)  - — ^ Re  I (T)  e ' G(w) 
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We  now  examine  G(w)  of  Equation  (B-8)  to  see  what  results  when  the  phase  functions 
consist  of  discrete  steps.  C^(x)  and  (x)  in  the  step  intervol  are  given  by 
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and  consequently 
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Similorly, 
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From  Equations  (B-12),  B-13),  ar>d(B-8)  we  thus  arrive  at 
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Fro^  ! >n  (3  and (B- 14)  we  thus  arrive  at 
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The  power  within  bandwidth  Wq  contributed  by  the  cross  term  is  thus 
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From  the  definirion  of  J^Q(n,m)  in  Equation  (B-5),  we  note  that  Equation  (B-16)  can 
be  written  as 
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If  we  further  let  C and  ^ be  vectors  whose  n cofnponents  are  give.i  by  Equations  (B-10) 
and  (B-11),  aixl  be  a motrix  whose  (m,n)  entry  is  given  by 


(m,n)  - (m-n-  ( # + 1)  N) 

Equotion  (6-18)  can  be  written  as 
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and  the  contribution  of  the  cross-spectrum  to  power  in  barxJ  w^^  is  given  by 
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The  total  power  in  band  Wg  , P(Wg) , from  Equation  (B-7)  and  (B-21),  can  now  be 
written  os 


P(Wg)  = 
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The  computer  program  we  produced  during  the  study  computes  P(Wg)  by 
Equation  (B-22),  Obviously,  the  infinite  sum  involved  in  the  cross-spectrum  is  not 
computed  exactly  bui  is  truncated  at  large  enough  I that  little  inaccuracy  is  intro- 
duced. Sinco  I Cjvj  j < 1,  the  infinite  series  converges. 

We  reproduce  below  the  Fortran  program  for  evaluating  P(Wg)  by  Equation  (B-22). 


The  preceding  expressions  for  spectral  occupancy  were  for  the  case  that 
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and  this  condition  corresponds  to  there  being  no  spectral  lines  in  the  resulting  signal.  We 
olso  considered  the  case 
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PERFORMANCE  OF  FILTERED  MFSK-LIMITER 
DISCRIMINATOR  DETECTION 


For  th«  multilevel  FSK  signals  of  great  interest  in  o 2 bi1^/Hz  99-percent  spectral 
occupancy  modem,  an  obvious  demodulator  is  the  limiter/discriminator.  The  limiter/dii- 
criminator  enjoys  the  distinction  of  simplicity,  expeciolly  in  comparison  to  the  coherent 
demods  discussed  i/i  Section  III.  In  particular,  the  demod  of  interest  here  simply  samples 
the  output  of  the  discriminator  once  per  M-ory  symbol  time  ond  o/d't  the  sample  to  yield 
lc;<2  ^ output  decision.  The  discriminator  is  modeled  os  o device  which  out- 

puts o signal  proportional  to  the  instantaneous  frequency  of  the  input  signal.  A Fortran 
computer  program  has  been  developed  here  capable  of  determining  the  error  rote  for 
M-ory  FSK  signals  embedded  in  white  Gaussian  noise  passed  through  o filter  specified  by 
its  poles  and  zeros  and  det<*cted  by  such  o demodulator.  The  analytical  basis  for  the  cor»- 
puter  program  is  discussed  below  and  some  of  the  results  obtained  are  presented. 


Anolyticol  Basis  for  Discriminotor  Demodulotion  of  FSK  Signols 


The  computer  program  computes  the  probobility  of  symbol  error  for  a limiter/dis- 
crimirxjtor  based  on  the  probability  distribution  of  instontoneous  frequency  for  the  signal 
plus  noise.  The  distribution  is  derived  in  Chapter  8 of  Schwartz,  Bennett,  ond  Stein.  ^ 

If  is  the  instantaneous  frequency  relative  to  the  carrier  frequency,  then  It  is  shown  that 


Prob  ( r <,  7) 


-J-  [ 1 - Q (v^,y^)  +Q  (ya,yb)J  - exp 


where  Q (o,  b)  is  the  Marcum-G  function: 


(c-n 


and 


(ax)  xdx 


Communication  Systems  and  Techniques,  Mischo  Schwartz,  William  R,  Bennett,  and 
Seymour  §tein,  McGraw-Hill  Boot  Co.,  1966,  Chapter  8,  Section  8-4,  p,  329. 
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TSit  pr opuwn  Hat  boan  utod  fo  ctaformina  tH«  ov«rog»  error  rof*  for  vt>r'ia/t  M*-ory 
FSiC  tignait  and  variout  input  bondpmi  filtan.  Some  of  oor  rotuitt  or*  in  rH#  following 
taction. 

Xetoitt  Obtolnod  with  Computf  Progrom 

THa  coMputor  progroiw  ditcuttod  briofiy  pravioutly  if  tufficiontly  complex  tHot  o 

cKock  ott  thm  occurocy  of  iti  prodictiom  it  dottrabla.  Some  •xporimnntal  rotoltt  war* 

2 

found  for  blnory  FM  in  o roport  by  EMR,  oftd  tboir  mooturod  rotuitt  woro  camparod 
ogaintt  tH«  computor  prodiction.  Tfw  particular  oot*  contidorod  invoivod  a bondpott 
filtor  of  tba  four-polo  BosmI  typ«  oHood  of  tHo  iimitor/ditcriminotor.  THo  rotio  of  3-d§ 
Flltor  bondwidtH  to  bit  rota  wot  tat  ot  1 . TKo  binory  modulating  wavoform  wot  oltornoting 
ono^zorot  ortd  tb«  mod^indax  wot  0.75.  TKo  only  difforonco  botwoon  tKo  EMR  totup  ond 
tHot  for  w^icH  tHo  computor  wot  run  it  EMR't  inclution  of  a low-pott  filter  ot  the  ditcrim- 
inctor  output.  THit  LPF  Hod  a 3-dB  bortdwidtH  -lx  bit  mto.  The  effect  of  tHit  fitter  it 
probobiy  onoil  in  this  cose. 

THo  rotuitt  ore  plotted  in  Figure  C-l.  THo  tolid  curve  it  from  Figure  5-1  of  tHo 
referenced  tMR  report  or*d  rne  two  pointi  ore  from  fne  computer  progroni.  The  cloie 
ogreement  between  tHe  two  retult*  wot  encouraging  and  Helped  ettoblith  foitH  in  the  com- 
puter program'i  predictions. 

Figure  C-2  provides  tome  odditionol  curvet  obtoined  with  the  computer  program. 
THete  curvet  ore  tor  on  eight-pole  Bettel  bondpott  filter  oHeod  of  the  limiter /ditcrimino- 
tor,  THe  signal  into  the  bondpott  filter  it  8-ary  FSK  with  mod  index  ^ 1/8  (the  frequency 
spocirtg  between  adjacent  frequencies  it  1/8  the  lymboi  rote).  Averoge  syrrrbol  error  rote 
it  plotted  ogoimt  the  bondpott  filter  3-dB  borxiwidth/^it  rote  ratio  for  various 
the  input  to  the  filter.  Note  that  the  error  rate  deteriorates  os  the  bonc'width  increases, 
becorjte  of  more  noise  allowed  info  the  discriminotor . As  the  bondwidth  is  decreoted  the 
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Figure  C-1.  Corrtparison  Between  Measured  Results  and  Computer  Program  PredictMsrt 


AvflAGE  Sy-MAOL  MtO*  MTE 


WMIium*' 


The  computer  program  developecJ  here  contains  routines  for  both  these  functions,  fhe 
paiometers  for  Equation  (C-1)  are  defined  below. 
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The  (-)  sign  in  Equation  (C-3)  gives  o and  (+)  gives  b.  R in  Equation  (C-3)  is  the  envelope 
of  the  noise-free  input  signal  end  R is  its  derivotive.  is  the  noise-free  instantaneous 
frequency  relative  to  the  carrier  frequency  of  the  input  signol,  N is  the  mean  input 
noise  power  f^  ond  f^  are  essentially  functions  of  the  input  filter.  If  G (f)  is  the  normal- 
ized power  density  spectrum  of  the  iow-pass  equivolent  of  the  filtered  noise,  then  f^  and 
f^  are  given  by 

+ 03 

f,  = / f G (f)  Hf 
' J . 


(C-4) 
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f G (f)  df 


f^  and  f„,  are  therefore  interp  etoble  as  the  meon  ond  rm$  frequencies  In  G (f^. 

The  computer  program  computes  the  porometers  f^  and  f^  and  N,  given  a par- 
tlculor  bandpass  filter  and  additive  white  Gauss(on  noise  density.  Then  fur  a particular 
M-ary  FSK  input  symbol  sequence,  the  porameteis  R,  R,  and  are  evaluated  at  the 
selected  symbol  sampling  times.  These  quantities  are  used  in  evaluating  the  distribution 
in  Equation  (C-1)  to  determine  the  probobility  that  the  instantaneous  frequency  for  each 
ss'mbol  lies  outside  the  appropriate  range  to  decide  the  symbol  correctly  I'i . e . , the  pro- 
bobllity  of  symbol  errrjr  is  derermined).  If  the  probability  of  deciding  the  symbols  in  error 
is  averaged  over  a sufficiently  long  representoti ve  sequence  o'  M-ory  symbols,  the  aver- 
oge  error  rote  for  M-ory  FSK  when  demodulated  by  the  I imi ter/d iscrimlnotor  is  obtained. 


FM  signal  bogins  to  b®  distortod  severely,  also  l^oding  to  perfom*once  d*grodotion 
Tb*re  is  un  optimum  bondposs  filtm-  bandwidth  in  tbis  ccw«  Ground  1/3  the  bit  rote,  which 
is  the  symbol  rote  for  the  eight-level  FSK  sigrtal,  os  one  might  expect.  Such  curves  ore 
useful  in  determining  the  optimum  borrdposs  filter  bartdwidth. 

As  another  example  of  the  results  obtained  with  the  computer  program.  Figure  C-3 
is  included.  Here,  the  performance  c/f  3-ory  FSIC  with  mod  index  - 1/^  with  discriminator 
detection  is  plotted.  The  selid  curves  ore  for  on  eighi— pole  Betial  Input  borrdposs  filter. 
The  dashed  curve  is  for  a four-pole  Bessel  filter.  Tire  dashed  curve  is  for  a 3-dB  bartd- 
width/^it  rote  ratio  of  1/3  oiid  represents  the  best  performance  found  to  date  for  the 
limiter/discriminator  detector  for  0-ory  FSK  mod  irxiex  = 1/0.  Also  included  for  refer- 
ence in  Figure  C-3  is  the  performorKe  for  one-symbol  colrerent  or>d  noncoherent  receivers 
for  this  sigrrol.  Note  that  the  lintiter/discrimirKitor  performance  is  orriy  about  1 dB  worse 
than  the  optimum  or>e-symbol  observation  norrcoherent  receiver.  This  performance  is 
approximately  7 dB  away  from  the  design  gool  of  20  dB  E, /N  ot  P - 10  ^ ( the  design 
goal  is  essentially  one-symbol  coherent  performance).  The  simplicity  of  the  limiter/ 
discrimimtor  demod  is  attractive  relative  to  the  coherent  receiver  structures,  however. 

The  curves  of  Figure  C-3  point  out  the  foct  that  the  IF  bandpass  filter  must  be 
choson  carefully  for  optimum  performance  with  the  limiter/discriminctor  demod.  The 
Bessel  filten  hove  particularly  lineor  phose  response  across  the  band.  Other  filters  such 
os  Tcbebycheff  filterr  with  poor  phase  lirseaiity,  can  severely  cripple  the  performance. 
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TEST  PLAN 


1 .0  SCOPE 

This  plan  describes  a fest  program  for  the  Broadband  Digital  Modem.  The 
tests  will  be  corsducted  at  RADC  and  at  Harris  ESD  in  Melbourne,  Florida. 

2.0  OBJECTIVE 

The  overall  objective  is  to  characterize  the  critical  performance  parameters 
cf  the  modem.  Specific  tests  include  the  following: 

a.  BER  vs  Eb/No  vs  IF  fi!terir>g> 

b.  BER  vs  E^/Nq  vs  interference;  and, 

c.  Transmit  spectrum  wi»h  fllterir^g  and  limiting. 

3.0  MODEM  DESCRIPTION 

The  Broadband  Oigitai  Modem  was  developed  to  improve  the  available 
bandwidth  e./iciency  in  digital  line-of-sight  microwave  systems.  The  orimary  perform- 
ance objective  is  a 10  ^ BER  at  an  E/N^  of  20  dB  at  a data  rate  of  27 .775  Mb/s.  The 
unit  provides  a bandwidth  efficiency  of  2 bits  per  hertz  of  RF  bandwidth,  and  interfaces 
at  70  MHz  with  hard-limij'ng  radio  systems. 

3 . 1 Technique  Description 

The  modulation  technique  is  continuous-phose,  4-ary  FSK  with  a nwduiation 
index  of  1/8  (i.e.,  the  four  tones  are  spaced  at  l/8th  the  symibc!  rate  frequency  inter- 
vals). The  modulator  is  shown  conceptual*y  in  Figure  D-1.  The  demodulator  employs 
coherent  detection  and  multisymbol  observation  techniques  to  achieve  the  required 
performonce.  The  demodi' I -tor  is  shown  in  Figure  D-2. 
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‘J.2  Hordwore  Description 

The  modulator  and  demodulator  are  individually  packaged  in  19- inch  chassis 
with  integral  power  supplies.  On  the  transmit  side,  the  modulator  provides  a bit  rate 
deck  orsd  accepts  data  and  asst  iated  timing  through  75-ohm,  unbalanced,  bipolar 
interfaces.  The  modulated  70-MHz  carrier  is  outputted  at  a +1  dBm  level  to  the  radio. 
The  demodulator  accepts  a +1  dBm,  70-MHz  signal  horn  the  radio  and  outputs  data  and 
synchrorwus  timing. 

4.0  TEST  PROGRAM 

The  test  program  includes  tests  ot  Harris  ESD  in  Melbourne,  Florida,  and 
at  RAOC.  The  In-plant  tests  ore  desigrted  to  provide  a performance  baseline  from  which 
to  interpret  results  from  the  later  radio  arKi  link  tests  and  to  verify  the  characteristics  of 
various  interrwl  parameters.  These  tests  are  performed  with  the  modem  looped  back  at 
70  MHz  with  additive  thermol  noise.  The  RADC  tests  include  both  bock-to-back  tests 
with  the  radio  and  simulator  ond  link  tests  utilizing  the  Stockbridge  radio. 

lt>~Plqnt  Tests 

The  test  configuration  for  in-plant  tests  is  shown  in  Figure  D-3. 

4.1.1  E/Nq  Calibration 

The  calibration  of  E/N^  is  accomplished  directly  at  the  demodulator  input. 
The  signal  attenuotor  is  set  at  120  dB  and  the  noise  power  is  measured  using  a filter  with 
a known  rtoise  bandwidth.  The  r*oise  bandwidth  is  established  by  graphical  integration 
techniques.  The  signal  attenuator  setting  is  then  decreased  until  the  total  power  increast^s 
by  3 dB.  At  this  point,  the  signal  and  rraise  powers  are  equal  and  the  SNR  is  0 dB  in  the 
filter  bandwidth.  The  noise  bandwidth  of  the  filter  is  33.33  MHz,  or  0.9  dB  greater 
then  a bit  rate  bandwidth.  The  F/N^  is  then  +0.9  dB  at  this  attenuator  setting.  The 
desired  E/N^  is  obtained  by  adjusting  the  attenuator  setting. 
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4.1.2  Sp»c»rol  Occupancy 


TKe  objective  of  tbij  teit  is  to  demonstrate  that  99  percent  of  the  transmitted 
energy  is  contained  witbin  on  RF  bondwidth  of  one-ha!f  the  bit  rote.  A computer-gen- 
erated spectral  mask,  plottirsg  energy  in  a 4-kHz  bondv  idth  versus  offset  frequency  from 
center,  U avoiloble.  The  actual  trammit  spectrum  is  plotted  using  a spectrum  artaiyzer 
set  for  a 3-kHi  IF  bonefwidth.  The  absolute  level  1$  calibrated  by  observing  the  differ- 
ence in  spectral  height  at  center  frequency  between  an  urynoduloted  tone  and  a randomly 
rrtodulated  tigmi.  Since  the  computer  mosk  meets  the  99-percent  requirement,  the  actual 
transmitter  also  does  if  the  transmitted  spectrum  falls  on  or  below  the  mask  . 

4.1  .3  Bit  Error  Rate  vs  E/N^ 

The  objective  of  this  test  is  to  characterize  the  BER  performance  of  the 
modem  over  the  range  from  10"^  to  lO”^  as  o function  of  E/N^.  The  test  setup  is  coli- 
broted  as  in  Para . 4.1.1,  above . The  attenuator  is  adjusted  to  provide  an  E/Nq  of 
10  dS.  The  error  detector  is  adjusted  to  provide  an  error  sample  of  at  least  100  events. 
The  indicated  error  rate  is  reosrded  on  7-cycle  semi-log  paper.  The  atter.uator  is 
adjusted  to  provide  an  E/Nq  of  1 1 dB  and  the  indicated  error  rate  is  recorded.  This 
process  is  repeated  until  on  E/Nq  of  22  dB  •$  reached. 

4.1  .4  Kesiduol  Error  Rote 

The  objective  of  this  test  is  to  demonstrate  that  the  residual  or  noise-free 
error  rote  of  the  modem  exceeds  10~^0.  The  noise  attenuator  is  set  to  120  dB.  The  error 
detector  is  set  to  count  errors  per  10^^  clock  counts,  (Note;  Approximately  1 hour  is 
required  per  reading,  and  two  or  more  samples  may  be  required.) 

4.2  RADC  Tests 

The  test  configuration  for  the  RADC  tests  is  shown  in  Figure  D-4.  The  over- 
all objective  of  these  tests  is  to  characterize  the  modem  performo  ce  when  interfaced 
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wiHi  tHe  LC8D  radio.  Th«  link  onol/zer  is  us«d  lt>  documont  Hw  omplitud*  and  dolay 
choractaristics  of  ^•st  configuration. 


4.2.1  f/Np  Colibrotion 

The  colibrotion  of  E/Np  is  accomplished  directly  ut  the  denKxiulotor  input. 

A fixed-gain  omplifier  is  required  outboard  to  the  rodio  to  provide  the  power  level 
necessary  for  the  HP  431 C meter.  With  the  waveguide  shutter  closed  ond  the  simulator 
configured  for  loop  bock  ot  8 GHz,  the  downconverter  (0/C)  noise  is  reod  through  the 
culibroted  filter  with  the  receivt  atteixiotor  set  at  90  dB.  The  ottenuctor  setting  is  then 
decreased  until  the  i*^.eter  readirsg  increases  by  3 d3,  which  indicates  the  SNR  in  the 
calibrated  filter  is  0 dB.  As  described  in  Para.  4.1.1,  above,  E/Np  is  + 0.9  dB  ot  this 
point.  The  desired  E/Np  is  obtained  by  odjusting  the  attenuator  se*^ting. 

4.2.2  Spectral  Qccuponcy 

The  abjective  of  this  test  is  to  determine  the  degree  to  which  the  transmitted 
spectrum  conforms  to  the  requirements  of  FCC  19311 . A second  objective  is  to  determine 
the  effects  of  hard  limiting  on  the  filtered  spectr  jm. 

4.2.2. 1 Unfiltered  Output  Spectrum 

The  objective  of  this  test  is  to  determine  the  effeeb  of  hord  limiting  on  the 
rsomirsol,  unfiltered,  modulator  output  spectrum  os  related  to  the  FCC  19311  requirements. 
The  modulator  output  spectrum  is  plotted  with  the  spectrum  onolyzer  and  x-y  plotter.  The 
modulator  output  is  then  applied  to  the  U/C.  and  the  8-GHz  spectrum  recorded  in  o similar 
manner.  The  two  curves  are  then  compared  to  determine  the  spectral  effects  of  the  hord- 
!!mitirsg  transmitter. 

4. 2. 2. 2 Filtered  Output  Spectrum 

The  objective  of  this  test  is  to  derermine  the  not  filiering  goin  available 
when  the  Modulator  output  is  filtered  and  then  passed  through  a hard  limiter.  It  is 


anticipated  that  som«  spsctrum  ^esh>ration  will  occur  in  the  limiter.  The  14~MHz, 

4-pole  filter  in  the  demodulotor  is  utcd  os  a trommit  filter  directly  on  the  modulator 
output.  The  70-MHz  and  8-GHz  spectra  ore  recorded  oikI  compared  os  in  Para.  4. 2. 2.1, 
above . 

4.2.3  3it  Error  Rote  vs 

The  abjective  of  this  test  is  to  chorocterixe  the  b£R  ond  the  recovered  clock 
jitter  performance  of  the  modem  as  a function  of  E/Nq.  Tests  are  run  with  the  simulotor 
looped  at  8 GHx  ot>d  over  the  Iir4k  to  Stockbridge  ortd  bock . The  test  setup  it  colibro^ed 
at  described  in  Poro.  4.2.1  . The  receive  attenuator  is  used  to  odjust  E/Mo  1~<B  steps. 
The  8ER  is  recorded  at  each  step  to  produce  a compiete  7-cycle  graph  of  performance  as 
o function  of  E/Nq.  The  compuMrsg  ‘ounter  is  used  to  measure  reo;>vered  clock  jitter, 
os  oppropriote. 

4.2.4  Bit  Error  Rote  vs  E/N^  otkI  IF  Filtering 

The  objective  of  this  test  is  to  determine  the  effects  of  IF  filtering  on  the 
pe’’formonce  of  rhe  modem.  With  the  simulator  looped  ot  8 GHz,  the  performance  tests 
of  Para.  4.2.3,  above,  ore  repeated  with  25-MHz  or»d  33-MHz  IF  filters. 

4.2.5  Residual  Error  Rote 

The  objective  of  this  test  is  to  demonstrate  that  the  residuol  o;  rwise-free 
error  rote  of  the  modem  operatirsg  over  the  link  exceeds  10"  *0.  The  rece  ivc  attenuator 
is  adjusted  to  provide  on  E/N^  of  30  dB.  Errors  ore  occumuloted  tor  approximately  3 
hours . 

4.2.6  Cochonrrel  ond  Adjocent-Chonrsel  Interference 

The  objective  of  this  te»t  is  ra  determine  the  effects  of  co-  and  adjacent- 
channel  interference  on  BER  performance.  The  Stockbridge  loop-around  is  used  os  the 
desired  signol.  The  interferirsg  sigrsol  is  gerseroted  by  power-di vtdirtg  the  modulator 
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output  to  obtain  a Moond  70-MHx  tignol  and  driving  tbo  tocond  simuiotor  tmiwmittar . 

Tho  tromlotor  otciliotor  it  odiuttod  to  provido  co-  or  odjocont-cbonool  intorforonoo. 

Tbo  tranonittor  output  it  tununod  with  tbo  dotirod  tignol  at  Hto  lacoivor  front  ond.  Tbo 
calibration  pcocoduro  dotcribod  in  Pora.  4.2.1,  obovo,  it  ropootod  for  tbo  individual 
tigmls.  Tbo  obauiuto  intorforonco  lovol  it  oalibratod  witb  tbo  wo^raguido  tbuHor  cloood. 
Attonuoton  am  oddod  to  provido  tbs  opproprioto  lovol.  Tbo  dotirod  tigml  it  rocolibrotod 
by  opofttrtg  tbo  tbuHor  and  ditconrtocting  tbo  intorforonco  at  8 GHz,  loovirtg  tbo  otton- 
uotort  on  tbo  tummor.  Witb  tbo  dodrod  tigrrol  at  on  yiolding  on  orror  rato  of  approx- 

imotoly  10~^,  tbt  intorforonco  Wvol  is  voriod  ond  Ht#  cbongo  in  onor  rats  notod.  Tbo 
loM  in  offoctivo  E/Nq  it  colculotod  by  firtdirtg  tbo  two  orror  rotes  cen  tbo  moouxod  curvo 
and  roocRng  tbo  E/Nq  difforortco.  Tbo  oxporimont  it  ropootod  for  inter forortco  trorolotod 
orw  cbattrtel  above  otkI  orto  cboretel  below  tbo  dotirod  gooi . 

5,0  TEST  DATA  EVALUATION 

Tbo  tett  rotulb  ore  ortolyied  ond  provided  In  Sectiort  V of  tbit  report. 
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